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FOREWORD

This report was prepared by Raymond Kaiser Engineers Inc., a subsidiary of
Raymond International Inc. in Oakland, California under U.S. Bureau of Mines
Contract No J0245003. The contract was initlated under the Minerals
Availability Program. It was administered under the technical direction of
the U.S, Bureau of Mines with Jim F. Lemons, Jr., acting as Technlcal Project
Supervisor. Darlene Wilson was the Contract Administrator for the Bureau of
Mines. This report is a summary of the work recently completed as a part of
this contract during the period July 17, 1984 through February 1986 and was
submitted in February 1986. ,

This report contains no patentable features and no proprietary information
appears herein.
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dscf dry standard cubic feet mg/1 milligram per liter
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1.

INTRODUCTION

1.1.

1.2.

1.3.

1.4,

BACKGROUND

The Minerals Availability Program (MAP) of the United States Bureau
of Mines is charged with the responsibility to systematically mea-
sure and classify identified domestic and foreign mineral resources
according to their respective extraction technologies, economics
and commercial availability.

The MAP is therefore concerned with the costing of mineral resour-
ces as related to the current mine and mill and post-mill technolo-
gies. For this analysis, a consistent functional method of costing
is a requirement. Previously, a costing procedure had been devel-
oped for preparation of feasibility type estimates for capital and
operating costs of mining and primary beneficiation of wvarious
types of mineral occurrences using state-of-the-art technology.
The handbook provided a costing procedure based on the summation of
unit processes.

The costs were subdivided into the base components of labor, sup-
plies, equipment, etc., with the capability of modifying the para-
meters so that costs could be updated by indices.

PURPOSE OF THE ALUMINA HANDBOOK ESTIMATING SYSTEM

This handbook is developed to supplement the mine and beneficiation
cost estimating by providing an estimate of the 1984 post-mill
costs of processing bauxite to alumina. The estimating methodology
provides a subdivision of the cost components for both capital and
operating costs such that costs can be translated to worldwide
locations and updated with time.

The cost estimating system is based on unit processes that reflect
variations in the composition of the feed material, environmental
considerations and cost components on a world wide basis.

USE OF THE HANDBOOK

A knowledge of the alumina industry and processing technology is
helpful to properly utilize the cost estimating system provided
herein., A knowledge of the bauxite composition, and the capacity
and location of the facility selected is required to obtain the
desired results,

ACKNOWLEDGEMENTS

This handbook was prepared under the direction of Raymond Kaiser
Engineers Inc. and for whom the responsibility of development of
capital costs was assigned. AMAX Engineering and Management
Services Company provided estimates of operating costs and Everest
Consulting Associates provided the worldwide facility data bhank and
the methodology for translating costs from the United States to
other locations and indexing costs at the selected locale.
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2. THE APPLICATION OF THE HANDBOOK TO THE INDUSTRY
2.1. THE ALUMINA INDUSTRY: CURRENT TRENDS

In 1983, world production of alumina totalled 29,530,000 MT and ex-
ceeded 1982 production by less than 1.5 million metric tons (1). 1/
This increase marked the first year since 1980 that alumina product-
ion surpassed the production of the previous year. The startup of
two new plants in Ireland and Venezuela were in part responsible for
the increased output. Although greater than in 1982, 1983 produc-
tion was significantly below the level of output achieved in 1980.

Of total output in 1983, approximately 95% was obtained from bauxite-
the primary, and to date, the most economical raw material for the
production of alumina. The remaining 5% was produced from other
materials, particularly nepheline and alunite. The extraction of
alumina from both types of materials is at present carried out exclu-
sively in the Soviet Union. The use of clay in the production of
alumina has attracted considerable attention in recent years and a
considerable amount of research and development has been undertaken,

particularly in the United States and Poland. In the latter, two

pilot plants designed to recover alumina from local clays are in
operation.

0f the bauxite producing nations in 1983, Ghana, Indonesia,
Malaysia, Pakistan, Sierra Leone and Zimbabwe did not produce
alumina domestically. Of the alumina refining countries, Canada,
Czechoslavakia, East Germany, Ireland, Japan, the United Kingdom and
Venezuela were totally dependent upon foreign sources of bauxite.
By 1986, Venezuela, however, will be utilizing domestic bauxite from
its large Los Pijiguasos deposits in Bolivar State. 1In the United
States only one alumina plant used domestic bauxite while the
remaining plants used imported bauxite from Guinea (47%), Jamaica
(38%), Brazil (7%), Surinam (3%) and other countries (5%) (1).

A breakout of world alumina production by region shows Oceania as the
largest producer accounting for 24.8% of total production, It is

followed by Western Europe (18.6%), the Sino-Soviet block (17.7%),

North America (17.2%), South and Central America (14.2%),; East Asia

(3.8%), Africa (1.9%) and South Asia (1.8%) (2).

Exact figures for alumina consumption are generally not available but
insofar as alumina is primarily used in the production of aluminum,

it is possible to approximate alumina consumption from published

aluminum production data. In the International Primary Aluminum

Institute (IPAI) member countries over 90% of alumina produced is

consumed for metallurgical uses.(3) Typically 2-2.2 MT of alumina

are required to produce 1 MT of aluminum. Other uses for alumina

exist in the chemicals, ceramics, abrasives and refractories indus-

tries.

1/ Underlined members in parentheses refer to items in the list of refer-
ences at the end of this report.
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Price trends for alumina are virtually impossible to track owing to
the vertically integrated nature of the industry. Most (an esti-
mated 85% of alumina is traded under long-term contracts or via
intra-company transfers and process are highly confidential. Only a
small share (i.e., 15%) is sold on open markets (4).

According to USBM estimates, the average value for domestic calcined
alumina in 1983 was $244.21. According to Bureau of the Census
trade data, imported alumina had an average value of $201.25 per
metric ton, f.a.s., at the port of shipment and $213.42 per metric
ton, c.i.f., at United States ports (1).

In terms of the short-term outlook, the fortunes of the alumina
industry are closely tied to those of aluminum. An increase in
demand for the latter will certainly increase the demand and produc-
tion of the former. An increase in the demand side, coupled with a
reduction or no additional increase in supply, would improve the
current supply-demand imbalance. However, until such developments
are realized, the question of balancing one against the other will
remain a critical issue facing the industry.

2.1.1. WORLDWIDE PRODUCTION AND TECHNOLOGY PROFILES

According to preliminary estimates, world alumina output in 1983
totalled 29,530,000 mt. For a breakdown of production by country
see Table 1. In terms of production, Australia, the United
States and the Soviet Union ranked first, second and third, re-
spectively, and together accounted for almost half of total world
output. Alumina refinery capacity for 1983, as tabulated from
data collected in the World Facilities Data Base (WFDB), amounted
to 41,985,000 metric tons. Thus, the capacity utilization rate
was 70% during 1983.

With respect to production technology employed, Figure 1 shows
that approximately 95% of alumina refinery capacity is based upon
the utilization of the Bayer process. The nepheline process,
used exclusively in the USSR, accounts for 3.5% of world capacity
and the alunite process accounts for the 1.5% of world capacity
‘outstanding. Other processes have been utilized in the past or
are currently undergoing research and development. The Pederson
process was used by the Norsk Aluminum Company refinery at
Hoyanger, Norway, between 1927 and 1969. However, since the
closing of the plant, the process has not been utilized--at least
on a commercial basis, elsewhere. Processes which are currently
under research and development and utilized on a pilot plant
basis, are the Pechiney H+ (in France) and the Grzymek and
Bretsznajder (in Poland) processes. Each of these are designed
to extract alumina from non-bauxite materials. They are not,
however, included in the capacity tabulation. (For a more de-
tailed discussion of existing and developmental technologies, see
he section titled "Refining Options™ below).
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TABLE 1. Alumina: world production.1 by eountryz
(thousand metric tons)

Country3 1979 1980 1981 1982P 1983°
Australia 7,415 7,246 7,079 6,631 7,100
Brazil 4y9 493 497 606 580
Canada 953 1,202 1,208 1,127 %1,116
China® 750 750 750 800 800
Czechoslovakia® 100 100 100 100 100
Frarice 1,069 1,173 1,095 960 853
German Democractic Republie 41 43 43 40 46
Germany, Federal Republie of 1,539 1,608 1,651 1,510 1,500
Greece 495 4oy 4go b20 450
Guinea 660 708 608 549 600
Guyana® 200 231 170 73 -
Hungary 788 805 792 710 4836
India® Byg3 500 500 500 450
Ireland = = - —— 70
Italy g8si Q00 T86 698 M T00
Jamaica 2,094 2,456 2,556 1,758 u,1907
Japan 1,545 1,936 1,344 959 1,065
Romania® 502 534 540 T51y 500
Spain - 58 695 673 650
Surinam 1,325 1,316 1,200 1,172 1,200
Taiwan® 113 F128 T62 T'21 -
Turkey | 70 138 131 84 bg7
USSR® 2,600 2,700 2,800 3,000 3,200
United Kingdom 88 102 90 88 y Y=
United States® 6,450 6,810 5,960 4,130 4,000
Venezuela = e - - 560
Yugoslavia 836 1,058 » 1037 1,072 1,100
TOTAL T31,429 F33,489 32,184 28,195 29,530
NOTES:
®Estimated Ppreliminary FRevised
1Figures presented generally represent calclned alumina; exceptions are noted
individually.

2Table includes data available through June 27, 1984.

3In addition to the countries listed, Austria ‘produces alumina (fused aluminum
oxide), but output is entirely for abrasives production. Output totaled
28,223 metric tons in 1973; production data subsequent to 1973 are not
available.

"Reportod flgure.

5Cancined alumina, plus calcined alumina equivalent of alumina hydrate.

SOURCE: Baumgardner, L.H. Bauxite and Alumina. Ch. in BuMines Yearbook 1983,
v.e 1, 12 PP .
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The design of future plants will clearly be determined by the
type and availability of feed materials to be processed. In
cases where there exists a ready and/or stable access to bauxite
supplies, refineries will utilize the Bayer process--perhaps with
some modification, depending upon the quality of bauxrite. In
cases where bauxite reserves are limited and/or non-existent--as
in the USSR and Poland--alternative techmologies will be chosen.
Another important factor that will influence the technological
design of future plants is the cost of bauxite. If the cost of
bauxite rises as to make alumina production from bauxite less
economical than alternative sources, production from non-Bayer
processes might increase. Research is currently being undertaken
to determine the economic viability of these alternative techno-
logies.

Capacity Profiles. Figure 2 provides a detailed breakdown of
world alumina refining capacity by varying capacity intervals.
As illustrated, the largest share of capacity, i.e., 39% or
16,125,000 metric tons, is represented by the 25 refineries oper-
ating in the capacity range of 500,000 - 999,000 metric tons.
The largest number of facilities, i.e., 41, operate within the
capacity range of 100,000 - 499,000 metric tons and account for
nearly 24% of extant capacity. There are but three refineries
with operating capacities that exceed 1.5 million metric tons.
Two of them are located in Australia, the world's largest alumina
producing country.

Refining Options. The technological design of future alumina
refineries will be determined by the type of feed material to be
processed. If bauxite 1is processed and the plant design incor-
porates the Bayer process, perhaps some modification will be re-
quired to suit the bauxite. If non-bauxite materials are pro-
cessed, then alternative technologies will be employed. A brief
discussion of each technology follows.

(a) Bayer Process - this process involves the grinding of
bauxite and mixing with a strong solution of caustic soda.
The mixture is pumped into large pressure tanks called
digesters where, under direct steam heat and pressure, the
alumina in the bauxite is dissolved in the caustic soda,
forming a sodium aluminate solution.

The insoluble impurities remain as solids. After digestion
and passing through pressure-reducing tanks, the mixture is
filtered, removing the impurities in a material called "red
mud” which is either discarded in a tailings pond or treated
further to recover additional alumina. This recovery pro-
cess, called the Alcoa combination process or the soda-sinter
process, involves sintering the red mud with limestone and
soda ash to recover a sodium aluminate solution which is
recycled to the digesters. This soda-sinter process is used
to enhance recovery at plants (in the United States and
China) where lower-grade ores are processed.
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The alumina in solution is routed to precipitators where it
is seeded with crystals of alumina trihydrate to induce pre-
cipitation. The precipitate is filtered, washed and heated
in calecining kilns or fluid bed roasters to produce pure
alumina. Variants on this process invelve the time, pressure
and temperature of the digestion. Sherter times and lower
pressures and temperatures are required to digest the easily
soluble gibbsite or alumina trihydrate found in many ores of
North and South America (and Western Australia), leading to
the description, "American Bayer Process.” At the other
extreme, in the European technology (called the European
Bayer Process) for bauxites containing boehmite (monchy-
drate) which requires higher caustic concentrations and
higher temperatures for digestion. For ores intermediate in
composition (mixes bauxites containing principally gibbsite
and minor amounts of boehmite), intermediate conditions are
used in what is sometimes referred to as the "Modified
American Bayer Process." Collectively, all wvariants are
included under the Bayer Process. '

(b) Nepheline Process - this process is employed exclusively in
the USSR and is based upon nepheline, a sodium-potassium-
aluminum silicate (NaKAlSiO, which contains generally 25-35%
aluminum oxide). By some estimates, mnepheline produced
alumina accounts for as much as 16% of Soviet alumina pro-
duction. Nepheline is processed by roasting the rock and
concentrates with limestone and treating the mixture to
yield anhydrous alumina, soda ash, potash and cement.
Plants in the USSR using nepheline as a feedstock are
located in Achinsk, Kandalaksa, Pikalevo and Volkhov:

(¢) Alunite Process - this process first developed in the USSR
involves crushing and grinding of alunite rock, fluid bed
roasting, removal of sulfur and water leaching to recover
potassium from the ore. Alumina is obtained by next apply-
ing a conventional Bayer process step. The alunite process
is used at three refineries in the USSR and was estimated to
account for about 2% of Soviet alumina production in 1981.

(d) Pechiney H+ Process - developed by Pechiney-Ugine-Kuhlmann
(PUK) and Alcan, this process reduces coal shale, containing
20-30% alumina to ash at lower temperature. Hot sulfuric
acid (H,50,) is used to leach the material, then it is
hydrochlorinated and the resultant aluminum chloride hexahy-
drate is decomposed before final calcination of the alumina.
The process has been proven in a pilot plant in France, but
to date no known commercial facilities are in operation that
use this process.

(e) Pederson Process - (not currently in use) 1is a reduction
process which heats bauxite, limestone, coke and iron ore
in an electric furnace to produce pig iron and calcium
aluminate slag containing 30 to 50% alumina. The slag is
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"2.1.2.

leached by sodium carbonate solution; calcium carbonate is
precipitated and a sodium aluminate solution is obtained.
Alumina hydrate is then precipitated with carbon dioxide
gas. Alumina hydrate is then calcined to alumina. The
Norsk Aluminum facility at Hoyanger in Norway produced
alumina by this process from 1928 to 1969 and some thought
was given to reopening this facility in 1975.

(f) Hall-Frary Process - not in operation at any known
commercial facility. This is a reduction process in which
bauxite and coke are fused at high temperature. Iron,

silicon, titanium oxides and some of the alumina are reduced
to the metallic state and form a metallic alloy. The bulk
of the alumina forms a slag which is recovered.

(g) Other - two other processes, the Bretsznajder and Grzymek
process, designed to produce alumina from clay, are repor-
tedly under consideration in Poland. Although, few reliable
details of these processes are available, it is known that
the former involves the hydrometallurgical extraction of
alumina from clay with sulfuric acid., The second involves
the grinding and mixing of clay and limestone and subsequent
calcination, leaching, filtration, desilication and carbon-
ation to produce alumina hydrate. This product is then cal-
cined to produce alumina. '

WORLDWIDE CONSUMPTION

Exact figures for alumina consumption are not generally published
but insofar as alumina is primarily used in the production of
aluminum--accounting for a steady 91% or 92% of total production
since at least 1973 (3)--consumption trends can be defined on the
basis of aluminum production. The remainder of alumina produc-
tion is used in a number of other forms in a wide variety of
applications. '

Hydrated alumina is obtained directly from the Bayer process and
is used extensively in water purification, the production of
aluminum chemicals and in a number of industrial applications:
plastics, ceramics and carpet backing. Hydrated alumina is used
largely in industrial applications because of its flame retardant
characteristics., Calcined alumina, although primarily used in
the production of primary aluminum, has additional uses in the
abrasives, ceramics and refractories industries.

.2. THE ALUMINA HANDBOOK ESTIMATING SYSTEM

The purpose of the alumina handbook estimating system is to provide
the methodology for calculating the capital and operating costs of
an alumina refinery operation at any worldwide location for a range
of alumina production rates.
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The costs presented for both capital and operating cost have been
developed from actual construction records and current available
operating data. The costs have been brought forward to 1984, if
from older data, by recalculation with equivalent 1984 dollars for
labor, material and equipment for capital and operating costs. The
process selected as a basis for the estimating system is the Bayer
process.

A logic diagram, Figure 3, is provided in this section to aid in the
understanding of the unit processes included in a capital and oper-
ating cost evaluation for a selected size of an alumina refinery
facility. A knowledge of the analytical composition of the selected
bauxite raw material, or a bauxite blend, is required to aid in the
development of costs.
General analytical guidelines illustrated by the logic diagram
determine the selection and costing of unit processes to allow for
variations in the alumina content and the silica and organic impur-
ity levels contained in the feed material. The estimating system
divides the capital and operating costs into groups of unit proces-
ses that are required for the production of alumina and into groups
of general facilities supporting the process. The groups of unit
processes upon which the estimating system is developed are divided
as follows:
TABLE 2

1. Bauxite Slurry Preparation and Digestion

o Bauxite Storage and Reclaim

o Bauxite Grinding

o Digestion

o Caustic Handling and Storage
2. Clarification and Mud Washing, Filtration

o Clarification and Mud Washing

o Filter Press

o Lime Storage and Slaking

o Acid Handling and Storage

o Settling Aids

3. Heat Interchange, Precipitation, Hydrate Classification and
Evaporation

o Heat Interchange
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o Precipitation
o Hydrate Classification
o Evaporation
b, Calcination and Alumina Storage
¢ Hydrate Filtration and Calcination
o Alumina Storage
5. Alternmative Processes
o Organic Removal
o Lime Plant
General Facilities:
1. General Plant
o Site
o Compressed Air
o Fuel 0il Storage and Distribution
o Diesel Fuel Storage and Distribution
o Sanitation System
o Primary Water Plant and Storage
2. Power Supply System
o Power Plant
o Electrical Distribution System
o Yard Lighting
o Communicaﬁion System
o Area Control Rooms and Motor Control Centers
3. Materials Handling
¢ Port Facility
o Goal Handling

o Bauxite Handling
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&, Administration Buildings and Services
© Administration Building and Laboratory
o Personnel Services Building
5, Services Buildings
o Maintenance Facilities
o Warehouses

Capital costs for alumina refineries ranging in capacity £from
500,000 to 2,000,000 metric tons per year of alumina are detailed in
Section 3. The costs for each group, as described previously, are
presented by formula and graphic curve on a log scale.

The Bauxite Slurry Preparation and Digestion areas costs are esti-

mated on the basis of the amount of bauxite feed material processed
and the selection of high temperature digestion versus low tempera-
ture digestion. An adjustment is provided in the cost if required.
Open or closed circuit crushing is a matter of preference with the
matter of costs, advantages and disadvantages discussed thoroughly
in the literature. This system assumes an open circuit grinding
8ys tem.

The Clarification and Mud Washing, Filtration area is developed on a
cost basis of the quantity of bauxite processed annually. The Heat
Interchange, Precipitation and Hydrate Classification and Evapor-
ation area and the Calcination and Alumina Storage araa are cost
estimated on the basis of alumina produced per year. All General
Facilities costs are estimated on the basis of the tons of alumina
produced per year.

The location of a facility is also a cost variable. This estimating
system includes factors to adjust the components of both capital and
operating costs of the United States based plant for an alternmative
location.

Environmental costs are included in the base cost to meet United
S8tates federal regulations. Regulatory requirements and standards
are discussed on a worldwide basis in Section 2.5 and the specific
environmental systems for the United States plant are estimated for
capital cost in Section 3.3 and for operating costs in Section 4.3.
A method is provided to adjust or remove systems as necessary to
meet a particular environmmental standard.

Operating costs for alumina refineries ranging in capacity from
500,000 to 2,000,000 metric tons per year of alumina are detailed
in Section 4.0. The costs are alsc presented in groups of unit pro-
cesses by formula and graph on a log scale. The division of the
alumina refinery into operating cost groupings of unit processes is
identical to that for capital costs.
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CAPITAL COST ESTIMATING

Capital cost estimates were prepared in January 1984 dollars for
alumina refineries at three production levels - 500,000, 1,000,000
and 2,000,000 mtpy. A flat, sparsely treed site at a central United
States 1location adjacent to the lower Mississippi River (e.g.,
accessible by ocean going ships) was assumed for the estimates.

The estimates for direct construction costs include the following
facilities:

All process facilities

Ancillary buildings

Water supply

Rail & road systems within the plant area
Water treatment

Disposal ponds.

Excluded are:

Land purchase

Incoming power line

Rail and road systems ocutside the plant area
Communications outside the plant area

00 00

Other costs, added to the direct construction cost, include:

Sales taxes and freight

Construction management

Engineering, supervision & procurement

Spare parts

Mobile equipment

Ancillary buildings furniture and equipment

Startup expenses

Owner staff during engineering, procurement and construction
Miscellaneous costs

O 0 00000 0o

Miscellaneous costs include:

Marketing studies

Site selection

Borehole testing

Soils surveys

Water supply studies and testing
Environmental impact reports
Process testing

Feasibility studies

0000 0C 0O 00

Three main sources of information were used in preparing the esti-
mates:

o The actual material quantities and manhours used to construct a
1,006,000 mtpy refinery
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o Highly detailed estimated material quantities for a 600,000 mtpy
alumina refinery study.

Material quantities were input to a "standard detall" estimating
system. Standard details define the manhours required, labor cost,
equipment usage cost and material cost for unit quantities of each
item in January 1984 dollars and are built-up from available infor-
mation on crew sizes, labor rates, productivity, construction equip-
ment required and material cost.

In a few cases, where quantities were not readily available, actual
recorded manhours were used to back-calculate quantities from the
standard details. If neither quantities or manhours were available,
indice update of actual dollars was used; but this applied to less
than 5% of the dollar amount of the estimates and the inherent minor
inaccuracy is considered to'be well within the overall +25% accuracy
required,

Most of the detailed estimate summaries are formatted as follows:

Man- Equip Equip
hours Labor Usage Material Purchase Total

Earthwork
Concrete
Architectural
Equipment
Piping
Electrical

Total

Each estimate summary for the base-cases of 600,000 and 1,000,000
mtpy plants are supported by detailed estimates. The estimates for
" the 2,000,000 mtpy plants were prepared from:

o Sketches of the facilities modifying the base-case plants

o Equipment costs

o Costs developed from key plant design criteria at different
capacities.

labor rates included in the standard details ranged from a low of
$11.00 per hour in base wages for a general laborer to a high of
$25.00 per hour for a general pipefitter foreman. The average labor
rate for the alumina facility construction cost is $32.21. Included
in the wage is burden and contractors' field overhead. Burden in-
cludes fringe benefits such as health and welfare, pension, vacation
and other costs. Also included are statutory costs such as workers'
compensation, unemployment insurance, social security, contractors’
risk and liability insurance. Contractors' field indirect costs
include general overhead, field office, tools, plant and fee. The
average rates for total direct construction labor costs are divided
as follows on an hourly basis for a United States alumina facility.
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2.4,

Hourly Rate

Base Wage $14.91
Burden
Fringes (37% of base wage) 5.52
Statutory Costs (23% of base wage) 3.43
Subtotal $23.86
Indirect Costs (35% of wages plus burden) _.8.35
Total Hourly Cost $32.21

Equipment installation costs were prorated from actual installed

- equipment costs.

OPERATING COST ESTIMATING

Included in the estimating section is operating cost information,
equations and graphic presentations which allow the user to calcu-
late direct operating costs for unit process group and for certain
unit processes,

The labor component of the operating cost includes all direct expen-
ses for operating and maintenance labor. A separate allowance for
supervision must be made once the costs for all relevant unit pro-
cesses have been assembled.

The average cost per worker has been taken as §36,500 per year.
This is based on a worker actually working 1,900 hours per year at
an average cost to his employer of $18.50 per hour. The hourly cost
per worker consists of $11.80 in base pay and 6.70 in fringes. In-
cluded in fringes are:

o  Statutory benefits - F.1.C.A., workers' compensation insurance
and unemployment insurance.

o Wage-related fringes such as routine pay, shift differentials
and premiums, vacation pay, holiday pay, and pay for time off
for injuries, death in the family, jury duty, grievance meet-
ings, safety meetings, lunch, etc.

o Indirect benefits such as safety shoes, pension, medical insur-
ance and group life and accident insurance.

Supplies include all operating and maintenance supplies at costs
prevailing in early 1984 in the central United States.
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The energy component of the operating cost consists of all fossil
fuels and related items. Typical unit costs used are as follows:

o No. 6 fuel oil - $26.35 per barrel

The basis for costing unit processes was engineered estimates of a
mid-United States plant. For each unit process grouping, the costs
are based on an alumina production variable.

2.5. WORLDWIDE ENVIRONMENTAL CONTROL STANDARDS
2.5.1. EMISSION CONTROL STANDARDS - ALUMINA/ALUMINUM

Major producer countries for alumina and aluminum are identified
in this section and divided inte four groups according to geo-
graphical location, economic and industrial capability and iden-
tified emission control standards for each country. The North
American countries, including the United States, Canada and
Japan are included in Group I. Scandinavian and European coun-
tries make up Group II and Group III consists of South American
and Latin American countries. African and Asian countries are
in Group IV.

The worldwide environmental standards for the four groups of
countries are presented in Table 3.
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TABLE NO. 3

WORLDWIDE EMISSTON CONTROT. STANDARDS

Group of Countries
Group I

U.S.A., Canada, Japan

Group II

Europe, Scandinavia,
Australia, New Zealand,
Taiwan

Group III

Brazil, Mexico,
Venezuela,Argentina,
Guayana, Jamaica

Group IV

Ghana, Guinea, Egypt
Turkey, Bahrain,
Algeria, Indonesia,
India, Surinam

ALUMINA /ATUMTNUM

Particulates

50 mg/m3
.022 gr/dscf

100 mg/m3
.04 gr/sef

150 mg/m3
.07 gr/sck

300 mg/m°
0.13 gr/scf

-3

Fluoride

1.9 1b/ton Al.
(Potroom)
0.1 1b/ton Anode

50 mg/m3
.022 gr/scf

50 mg/m3

.022 gr/scf

100 mg/m3
0.044 gr/scf

Opacity

10% Potroom

20% Anode Bake

Ringelmann II

Ringelmann IIT

Ringelmann III
& IV



2.5.1.1.

2.5.1.2.

PARTICULATE STANDARDS

The emission standard of 50 mg/dsm3 (50 milligrams per dry
standard cubic meter) or .022 grains per dry standard feet
is enforced by United States federal regulations for alumina
handling operations. For aluminum plant potroom exhaust,
there is an opacity requirement as noted in the table. Both
of the United States federal standards were used for Group,I
countries. Japan has an emission standard of 100 mg/m”,
equivalent to .04 gr/scf for reaction furnaces, which is
applicable to alumina and aluminum processes. Japan is in-
cluded in Group countries since the £fluoride emission
limit of 1.0 mg/m™ in aluminum reduction gases, enforced in
Japan, is far more stringent than Group II countries.

The particulate emission standard of 100 mg/m3 (.04 gr/scf)
enforced in West Germany for alumina calcining and primary
reduction was used for the Group Ig countries, Britain has
an emission standard of .05 gr/ft” for aluminum smelters

New Zealand has a particulate emission standard of 100 mg/m

for all ferrous and nonferrous processes.

The particulate emission limit was not identified for any of
the Group III countries; however, Mexico has regulations
that require 80% particulate emission control for smelting
furnace gases. The dust loading for aluminum smelter gases
has been estimated at 0.3 gr/scf. Based on this dust load-
ing and 80% particulate removal efficiency, the dust lgading
in the discharge gas has been calculated at 150 mg/m~ (.07
gr/scf.) This particulate emission limit was assumed for
the other countries in Group III,

The particulate emission limit of 300 mg/m3 (.13 gr/scf) for
Group IV countries was a standard taken from the emission
guidelines provided by the State of Bahrain for an aluminum
rolling mill.

FLUORIDE STANDARDS

The total fluoride emission standards for Group I countries
are essentially the United States federal standards for the
aluminum industry.

West Germany and Australia ?ave the same fluoride emission
standard which is 50 mg/m~ (.022 gr/scf) in the exhaust
gases. This standard was assumed for the other countries in
Group II. As there was no fluoride standard identified for
any of the Group III countries and the standard in Australia
and West Germany 1is less stringent than in the United
States, the same standard was assumed for the Group III
countries.
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The limitatiom of total fluoride of 100 mg/m3 in the dis-
charged gases has been adopted by Singapore and was consid-
ered representative for the Group IV countries (6). No
other regulation for fluoride control was identified in any
of the group countries.

2.5.1.3. OPACITY STANDARDS

)

.2,

An opacity of 20% for Group I countries is the standard en-
forced by United States federal regulation.

Britain has an opacity standard of Ringelmann II for the ex-
~haust gas from a stationary source and was considered as re-
presentative for the Group II countries,

Ringelmann IIY standard for exhaust gases has been adopted
by Columbla and was considered representative for the other
countries in Group III.

The opacity standards of Ringelmann III and Ringelmann IV
adopted by the Philippines and Guam, respectively, were con-
sidered as being representative standards for Group IV coun-
tries.

EMISSIOﬁ CONTROL STANDARDS - STEAM PLANT

The steam boilers, usually considered an offsite facility, is a
possible source of air pollution in the alumina industries. The
major pollutants of boiler exhaust are particulates, sulfur di-
oxide and nitrous oxides.

To evaluate the worldwide boiler emission standards, major pro-
ducers of alumina and aluminum are identified and divided into
four groups of countries.

The North American countries such as the United States and
Canada are included in Group I. The Scandinavian and European
countries are included in Group II. Group III consists of South
American and Latin American countries, African and Asian coun-
tries are included in Group IV.

Further evaluation was then made regarding the economic situa-
tion, industrial capability, and existing air quality standards,
if any, of each country to justify the location of the country
in a particular group. As a result of this evaluation, Japan is
included in Group I countries, and Australia and New Zealand are
included in Group II.

The emission standards for boiler exhaust in the different coun-
tries are summarized in Table No. 4.
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2.5.2.1.

2.5.2.2.

2.5.2.3.

PARTICULATE STANDARDS

The particulate emission standard of 0.1 1b/106 Btu for oil
and coal-fired boilers, as indicated for Group I countries,
is essentially a new source performance standard presently
enforced by United States regulations. The particulate
emission standard of 200 mg/m~ adopted by Japan is only
slightly higher than the United States standard.

The partgculate emission standards of 0.45 l'b/lo6 Btu and
300 mg/m~ for oil and coal-fired boilers, respectively,
adopted by Denmark and West Germany are taken as representa-
tive for Group II countries.

The particulate discharge standard for boilers of 1.0 kg/106
Kcal adopted by Mexico was considered representative for
Group III countries.

The particulate emission standard of 900 mg/m3 adopted by
the Philippines for all stationary sources was taken as re-
presentative for coal-fired and oil-fired boilers in the
Group IV countries.

SULFUR DIOXIDE STANDARDS

The sulfur dioxide emission 1limits of 0.8 1'b/106 Btu for
coal-fired boilers are the standards enforced by United
States federal regulations and considered representative of
Group I countries,

The sulfur dioxide emission standard of 20 kg/ton of oil for
oil-fired boilers adopted by Sweden and 2,400 mg/m for
coal-fired boilers adopted by Spain were taken as represen-
tative of the Group II countries.

The sulfur dioxide emission standard was not identified for
any of the Group IIT and Group IV countries. However,
Greece and Portugal have regulations that limit the use of
heavy fuel oil and coal containing more than 3.5% and 4% of
sulfur by weight, respectively. This sulfur content trans;
lates to a sulfur dioxide emission standard of 3.9 1b/10

Btu for coal-fired boilers. These emission values are con-
sidered representative of the Group III and Group IV coun-
tries, based on similarities in economic and industrial
development.

NITROUS OXIDES (NOX) STANDARDS

The nitrous ogide standardg of 0.3 lb/lO6 Btu for oil-fired
and 0.7 1b/10° Btu for coal-fired boilers for Group I coun-
tries are the new source performance standards presently en-
forced by United States federal regulations. The nitrous
oxide emission standard of 180 ppm in exhaust gases adopted
by Japan ,is comparable with the United States standard of
0.3 1b/10"° Btu for oil-fired boilers.
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Spain has a nitrous oxide emission standard of 300 mg/m3‘in the
exhaust gases. This standard is considered representative of
Group II countries (6).

There are no nitrous oxide standards identified for any of
the Group III countries. Environmental guidelines by the
World Bank identifies staged combustion as one of the accep-
table technologies to reduce nitrous oxide by 20 to 40% in
the boiler exhaust gases. Assuming 20% nitrous oxide remov-
al from the exhaust, the nitrous oxide emission in the ex-
haust was calculated as 0.62 1b for oil and 0.8 1b/10" for
coal-fired boilers. These values are selected as an emis-
sion standard for the Group III countries.

Singapore has a standard of 2,000 m.g/m3 for nitrous oxide
discharge in the exhaust gas from all stationary sources.
As there are no nitrous oxide standards identified for any
of the Group IV countries, Singapore was considered repre-
sentative of the Group IV countries,

2.5.2.4. OPACITY

An opacity of 20% for Group I countries is the standard en-
forced by United States federal regulation.

Britain has an opacity standard of Ringelmann II for the ex-
haust gas from a stationary source and was considered as re-
presentative for the Group II countries.

Ringelmann IIT standard for exhaust gases has been adopted
by Columbia and was considered representative for other
countries in Group III.

The opacity standards of Ringelmann III and Ringelmann IV
adopted by the Philippines and Guam, respectively are con-
sidered representative standards for Group IV countries.

2.5.3. WASTEWATER CONTROL STANDARDS

Wastewater containing heavy metals are common to the nonferrous
metals industry. Worldwide health organizations universally
agree that these constituents are toxic to animal and human
life, even in concentrations at the detectable limits of state-
of-the-art analyzers. Where possible, wastewater streams should
be recycled, especially, in plants constructed in water-short
areas. Additionally, dry versus wet scrubbers should be employ-
ed to reduce wastewater flow volume which would otherwise re-
quire treatment prior to discharge.

Many of the companies producing alumina and aluminum are located
in countries commonly referred to as Less Developed Countries
(ILbC's). Standards for wastewater discharges from such indus-
tries are scant and in many cases are imposed externally in the
form of requirements for construction loans from such organi-
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zations as the World Bank. The following standards for non-
ferrous metals industrial wastewater discharge for countries
outside the United States is derived principally from such
recommended criteria.

2.5.3.1.

2.5.3.2.

STANDARDS IN THE UNITED STATES

The United States standards for wastewater discharges for
new sources are:

0 Bauxite Refining:

There shall be no discharge of process wastewater
pollutants to navigable waters.

o Primary Alumipum Smelting:

Average of daily
values for 30

Effluent Maximum for ~ consecutive days
Characteristic any _one day shall not exceed

(kg /100 kg of product)

Fluoride 0.05 0.025
Total Suspended 0.1 0.05
Solids

pH Within the range of 6.0 to 9.0.

DISCUSSION FOR OTHER COUNTRIES

In general, most countries outside the United States have
adopted a policy for wastewater discharge based on a "site
specific"” evaluation of the enviromment in the vicinity of
the nonferrous metals smelting and/or refining plant. The
United Kingdom, for example, "... sees little justification
for (pollution control) systems based on fixed concentra-
tions of pollutants in effluents regardless of the nature
and use of the receiving body in which the effluent flows."

The State of Bahrain, considered to be a growth emerging
country in terms of industrial development, has adopted the
following standards for nonferrous metals' wastewater dis-
charges to the sea.

Allowable Discharge
to the Sea, mg/1

Total Suspended Solids 200
Chemical Oxygen Demand 160
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2

Aluminum 10

Copper 1
Lead 1
Zinc 10
pH 6.0 to 9.0

The World Bank as an integral part of its appraisal and
supervisory function is required to evaluate the adequacy
and effectiveness of pollution control measures for projects
involving industrial operation. The Office of Envirommental
Affairs within the World Bank has developed guidelines
covering wastewater discharges for industries encountered in
the Bank lending programs. The following guidelines have
been prepared for the nonferrous metals industries, and are
are used for the Group III and Group IV countries.

(o} Bauxite

There is to be no disposal of red mud into either the
waterways or into the sea.

o Aluminum
Max. 24-hr
kg/mt of product
Fluorides 0.4
Total Suspended Solids .10
pH 6.0 to 9.0 units

.5.4. NOISE STANDARDS

Noise standards are generally applicable to every industry and
applied to all the process and material handling areas.

2.5.4.1. STANDARDS IN THE UNITED STATES

The OSHA (Occupational Safety and Health Administration) of
the United States permits eight hours per day exposure to
noise levels of 90 dBa. The exposure time limit is halved
for each 5 dBa increase up to the maximum permitted continu-
ous noise level of 115 dBa.

Community noise codes are generally based on annoyance and
sleep interference. Permitted levels for noise that in-
trudes on residential properties are much lower than permit-
ted levels within the plants. The various industrial and
city standards in the United States generally allows con-
tinuous noise levels to be between 60 and 65 dBa during the
day time and 50 to 55 dBa during night time, due to indus-
trial operation. These standards are considered to be re-
presentative for the Group I countries.
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2.5.4.2. DISCUSSION FOR OTHER COUNTRIES

Continuous equipment noise exposure (8 hours per day) to a
level above 90 dBa will substantially increase the risk of
developing a hearing handicap. The OSHA exposure level
indicated above is generally accepted for an industrial
facility built anywhere in the world.

Allowable community noise levels indicated depends largely
on the residential activities and type of community such as
rural and urban. In some communities a sound barrier may be
required to surround an adjacent plant. This would apply to
Group I and Group II industrialized countries.

However, for most of the third world countries of Group III
and Group IV, a sound barrier surrounding the process units
may not be required as the resultant overall noise level
would not be as high as that in industrialized countries.

2.6. WORLDWIDE LOCATIONS CALCULATION METHODOLOGY

The basic method for estimating both capital and operating costs at
foreign location, given cost estimates for an equivalent United
States facility 1is through a series of cost conversion factors
(CCFs). CCFs are defined as the ratio of the cost (expressed in
$US) in the country of interest to that in the United States and are
derived by comparing prices of similar goods and services at the
foreign locations with those in the United States. Since all costs
are being compared with United States costs, the CCF for the United
States is unity by definitien.

In terms of capital costs, CCFs are calculated for six component
cost categories: construction labor, construction materials, equip-
ment, equipment usage, indirect costs and "other" costs. In addi-
tion, a total plant factor (calculated as the appropriately weighted
average of the six component CCFs mentioned above) is provided as a
means for a simpler, yet less precise, method for estimating costs at
foreign locations. Total plant factors assume a particular set of
decision variables in the construction of the United States base-
case plant, Alternative plant designs (e.g., different plant capa-
cities and/or plant configurations) will give slightly different
CCFs. In short, total plant factors are suitable for initial

" approximations only and should be followed-up by a more disaggre-
gated analysis, as implied wvia the use of the six component CCFs
already discussed.

In terms of operating costs, CCFs are calculated for labor, energy
and supplies contained under the three larger categories of oper-
ating cost: alumina refining costs, general facility costs and en-
vironmental control systems costs.
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For the estimation of costs abroad, operationally all that is in-
volved is to apply the appropriate CCF to each of the component
costs of the United States base-case plant. These costs are then
added to produce an estimated total cost at the foreign location.

CAPITAL COSTS CALCULATION

The following discussion describes the sequential activities for devel-
opment of capital costs for an alumina refinery facility utilizing the
estimating system developed for this handbook. The calculation is for a
facility located in the United States. Please refer to Section 3.5 for
transferring costs elsewhere. The calculation steps are:

1. Determine the size of facilicy in terms of metric tons per year of
alumina to be produced.

2. Select an analysis of the proposed bauxite or blend of bauxite feed
material.

3. Calculate the required tons of bauxite required pef year. Select an
alumina recovery value based on the bauxite analysis and the expec-
ted operating conditions,

4. Select the unit processes from the logic diagram based on the
bauxite analysis.

5. Refer to Section 2.5 Worldwide Environmental Control Standards and
Section 3.3 Environmental Control Systems Costs and select the en-
vironmental control system. Systems to meet United States Standards
are included in the unit process costs. Differences in cost for
other systems are applied as described in Section 3.3.3 for sites
located other than in the United States.

On completion of the steps described above, direct construction costs
for each of the unit process areas are obtained from Sections 3.1 and
3.2. These costs are tabulated in Table 5 for the unit processes selec-
ted and summed for a subtotal of direct construction costs.

6. Calculate transportation costs, sales taxes and import duties and
sum for Total Construction Costs.

7. Refer to the Indirect Costs Section 3.4.2 and calculate indirect
costs based on direct construction costs totalled in 6. Sum for
Total Facility Cost.

8. Add to the total facility cost the startup expenses, spare parts,
mobile equipment, office equipment, startup expense, mechanical and
miscellaneous costs.

A quick method for calculating the total project cost for a United

States facility is provided by the capital cost curve at the end of this
section.
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, TABLE 5
CAPITAL COST SUMMARY
ALUMINA FACILITY

Location

Alumina (mtpy)
Bauxdte (mrpy) % Alurina
Recovery ‘ % Alumina

Country Cost Factors

Unit Process Description Section Labor Materials

DIRECT CONSTRUCTION COUSTS

REFINING
BAUXTTE SLURRY PREP/DIGEST 3.l.l
Handling/Storage/Reclaim

Equi pent
Usage

Equipment

Total

Grinding

Digestion

Caustic Handling

CLARTFICATION/FILTRATION 3.1.2
Clarification/Washing

Filter Press

Red Mud Filter/Disposal

Lime Slaking/Storage

Acid Handling/Storage

Settling Aid

HEAT EXCHANGE/PRECTPTTATE  3.1.3
and CLASSIFICATION

Heat Exchange

Precipitation/Classification

Evaporation

CALCINATION/ALIMINA STG 3.1.4
Calcination

Alumina Handling

OXALATE CONTR(E, 3.
LIME PLANT 3

Subtotal

GENERAL FACILITIES
General Plant

Pawer Supply System

3

3
Material Handling 3.
Administration Buildings 3
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Service Bulldings

Subtotal

»Direct Construction Costs

Transport/Sales Taxes
Export Country (6%)
Ocean Freight (15%)
Tmport Country (6%)
Sales Taxes (%)
Inport Duty

Subtotal

Total Construction Costs

INDIRECT QOSTS

Construction Management

Engineering,Supervision
and Procurement

Subtotal
TOTAL FACTLITY COST

OTHER COSTS

Spare Parts (2.5%)
Mohile Equipment
Office Equipment

Start Up Expenses
Owner Staff

Miscellaneous
Technical
Subtotal Other Costs

TOTAL PROJECT QODST

TABLE 5 (Cont.)
CAPITAL COST SUMMARY
ALUMINA FACILITY

3.3.5

3442
3.4.2

3eba346
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3.

The total plant project cost for the United States facility assumes that
all unit processes described in Section 3 are utilized in the calcula-
tion of direct construction costs. Freight costs, indirect costs and
other costs are included as described.

Alternative unit processes such as oxalate control and lime plant are
described and costed in Section 3.1.5 should those be required for
specific cases.

1.

REFINING UNIT PROCESS AREA COSTS

This section preovides the method for calculating direct comstruction
costs for individual unit process areas selected for a specific re-
finery design and bauxite feed material. The costs were developed
from actual projects with costs detailed by concrete, steel, archi-
tectural, equipment, piping and electrical/instrumentation categor-
ies. For each cost category detailed estimates were prepared and
further subdivided by components of: actual manhours required to do
the work, the cost of materials, the cost of construction equipment
usage and the cost of equipment purchased.

For each unit process area described herein the total direct con-
struction cost can be obtained from a cost curve. The cost compon-
ents are subdivided as a percentage of the total direct construction
cost and itemized as follows:

Labor %
Materials %
Equipment Usage %
Equipment %

The basis for labor, material and equipment costs in 1984 dollars
for a facility located in the mid-United States has been discussed
previously in Section 2.3.

The costs for each unit process are based on a range of alumina
capacity of 500,000 te 2,000,000 metric tons per year. However,
each unit process is costed according to the specific process vari-
able which determines the size of the equipment.

The base alumina plant is a chemical plant using the Bayer process
to produce alumina (A1203) from bauxite.

The bauxite is received at the plant and stored in open storage
piles. During the storage operation and subsequent reclaim oper-
ation, the facilities have the capability of blending the bauxite to
ensure the silica content as fed to the grinding mills is kept at
acceptable levels.

Bauxite reclaimed from the storage area is fed to grinding mills via
a belt conveyor system In the mills, the bauxite is mixed with
caustic liquor and finely ground. The resulting bauxite slurry is
pumped to the Digestion area where the liquid mixture is heated
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The process liquor is pumped from the Digestion area to the Clarifi-
cation and Mud Washing area where the waste mud is separated from
the process liquor which carries the dissolved alumina. The waste
mud is washed in a countercurrent decantation system of washers.
From the last washer, it is pumped to a Red Mud Filter Facility
where the mud is washed with hot condensate to reduce soda content
to a minimum prior to pumping the mud to the disposal area.

The solids-free liquor (pregnant or green liquor) is pumped from the
Clarification and the Mud Washing Area to the Filter Press Area
where any remaining mud particles are removed. The clarified stream
is pumped to the Precipitation Area via the Heat Interchange Area
where waste heat is recovered by the interchange of heat between the
pregnant liquor pumped to Precipitation and the cool spent liquor
returning from Precipitation.

In the precipitation tanks, the pregnant liquor is seeded with fine
alumina hydrate particles and agitated to preclpltate the alumina
hydrate from the liquor.

The alumina hydrate is concentrated by settling and is pumped to the
Hydrate Filtration and Calcination Area where the water of hydration
is driven off.

The alumina from the Calcination Area is delivered to calcined
alumina storage silos, The storage area is equipped with an alumina
load-out system,

Spent liquor from the Precipitation Area is recycled back through
the Heat Interchange area and through the Evaporation Area prior to
adjustment of the caustic concentration by adding additional (make-
up) caustic as required.

A Steam Power Plant is included to provide both electrical energy
and heating steam for the process.

Other support facilities include: a kiln for the burning of lime-
stone to manufacture lime, if required, lime slaking and distribu-
tion system for the process and for filter aid; storage and process
facilities for settling aid; storage and distribution system
for acid, caustic soda and fuel oil.

3.1.1. BAUXITE SLURRY PREPARATION AND DIGESTION
3.1.1.1. BAUXITE STORAGE & RECLAIM

Incoming bauxite is fed through a Bauxite Sampling Facility.
The Bauxite Sampling system consists of primary and second-
ary sample cutters, belt feeders, sample transfer conveyor
and all mnecessary ancillary items. Surplus reject sample
bauxite is delivered back to the bauxite stockpiles. Incom-
ing bauxite is delivered to storage by a stacker system.
Bauxite 1is ©blended into separate blending piles and
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3.1.1.2.

3.1.1.3.

reclaimed by bucket wheel reclaimers. The bucket wheel
reclaimers feed onto a conveyor system that feeds directly
to the bauxite grinding facility. The conveyor systems are
equipped with metal detectors, dust suppression systems and
weigh scales.

BAUXITE GRINDING

The bauxite is delivered via tripper conveyors into three
storage bins. Bauxite is transported from the storage bins
by weigh feeders and conveyors into grinding mills., Hot
spentt caustic is metered into the grinding mill feed spout
where it mixes with the incoming bauxite. Each grinding mill
discharges via a trommel screen into a mill discharge tank
which is enclosed and vented. Each mill discharge tank is
equipped with two centrifugal slurry pumps which pump the
bauxite slurry to surge tanks. The bauxite grinding facili-
ty is equipped with dust control equipment and feed equip-
ment for feeding grinding media to the mills.

DIGESTION

Prior to digestion, slurry desilication is accomplished in a
number of desilicator tanks, in series, designed to allow
sufficient retention time for the separation of the silica
to take place. The slurry stream is heated in live steam
heaters prior to entering the first tank. From the last de-
silicator tank, the bauxite slurry is pumped to the diges-
tion unit. The slurry may be heated in the desilication
tanks also.

The desilicators are equipped with rake mechanisms to allow
settled mud to be raked to the center discharge nozzle at
the bottom of the desilicator., Caustic cleaning equipment
is installed for cleaning the desilicators; the equipment
includes a caustic cleaning heat exchanger.

The digestion unit provides facilities for the continuous
extraction of alumina from the bauxite. The facility in-
cludes two or more identical equipment trains. Each train
consists of a heat exchange section, digester vessel and
flash tank section, feed and surge tanks, pumps, piping,
relief systems and ancillaries,

Bauxite slurry is fed from the grinding section into the
digester unit. Spent liquor returning from the precipita-
tion area via the heat interchange system passes through the
heat exchangers within the digestion area and, finally, into
the digesters where it is mixed with bauxite slurry. The
heat exchangers utilize live steam and flashed steam resul-
ting from the cooling of the digester effluent. Each train
is equipped with a digester vessel and an additional diges-
ter vessel which is included as a common spare.
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The digester vessels provide a means of heating the mixture
of bauxite slurry and spent liquor to a desired temperature
and holding the slurry for an adequate period of time to
dissolve the alumina in the bauxite. Heating of the slurry
in the digester is accomplished by direct injection of steam
from the power plant.

The heated slurry discharges from the digester through a
series of flash tanks where pressure reduction (flashing)
occurs with the slurry flashing down from digester pressure
to atmospheric pressure. The vapor from the flash tank is
condensed in the heat exchange section described above. The
condensate from the heat exchangers, depending on its quali-
ty or degree of contamination, is either returned to the
power plant and used as boiler feed water or used as process
water.

The slurry from the last flash tank feeds to a blow-off tank
and is then pumped to the clarification area by the digester
blow-off pumps. A pressure relief system is included for
pressure relief of both the digesters and the flash tanks,
Caustic cleaning facilities and acid cleaning facilities are
included with all pumps, piping and ancillaries.

To facilitate maintenance of the heat exchangers, flash
tanks and digesters, overhead cranes and jib cranes are
available. An elevator gives access to the main operating
floors.

SILICA

Silica in bauxite occurs in the form of kaolinite-Al Si205~
(CH,), or quartz (5i0,). Kaolinite in bauxite dissofves as
fast as the alumina Values and for this reason, is called
"reactive silica", whereas, quartz remains unreactive up to
approximately 240 degrees Celsius. The majority of alumina
plants operate their digestion units below this temperature.
The exceptions are the small number of plants that are pro-
cessing diasporic bauxites, which are more difficult to di-
gest than boehmitic bauxites.

Silica dissolved in aluminate liquor is undesirable because:

(a) It re-precipitates and deposits itself as scale on the
walls of the heat exchanger transfer surfaces, as well
as tankage and other equipment.

(b) Most importantly, it will contaminate the precipita-
tion liquor and will end up in the product aluminum in
values exceeding 0.22%, which is the upper limit in
today's market for a saleable product.
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(c) The dissolved silica immediately begins to precipitate
out of solution concurrently as other silica in fresh
bauxite is dissoclving. In so reversing itself (which
is the desirable desilication process solid, eventu-
ally reporting to the red mud circuit), it combines
with waluable aluminum and sodium hydreoxide wvalues to
form desilication product. Consequently, the "reac-
tive silica" penalizes the process by consuming large
quantities of expensive caustic as well as alumina
values, which would otherwise report to preoduct.

Desilication can be achieved in regular digester vessels at
high temperature and pressure (where the desilication reac-
tion takes longer retention time than the digestion of alumi-
nun). Total retention time is based on desilication reac-
tion.

Alternatively, desilication can be achieved over a period of
8 hours (approx.) in pre-silication vessels at atmospheric
pressure and temperature of 90 degrees Celsius. The desili-
cation product formed in this case tends to be fine and pre-
sents a settling problem. When there is a lot of desilica-
tion process, desilication is preferably accomplished in the
digesters. 1If reactive silica in the ore is relatively low,
it may be more desirable to pre-desilicate.

The free caustic can be neutralized by feeding some bauxite
slurry into the spent liquor as it is pumped into the final
high temperature heat exchangers. Before feeding the baux-
ite slurry into the spent liquor stream, it is imperative to
pre-desilicate in order to prevent scaling of the heaters.

3.1.1.4. CAUSTIC HANDLING AND STORAGE

Caustic soda is consumed in the alumina process by the reac-
tion with silica in the bauxite. Losses occur with sand re-
jects, with the mud slurry to the mud disposal area, at cal-
cination and miscellaneous other points. The facility im-
cludes the unloading, storage and distribution to the vari-
ous process units of a 50% caustic solution. The 50% caus-
tic soda is received in railway tank cars and unloaded into
a large storage tank. From the storage tank, the stored
caustic is pumped to the following process units where the
caustic is either used as make-up caustic in the spent
liquor circuit, or for extensive caustic cleaning purposes
(i.e., descaling of pipe, vessels, tanks and other miscel-
laneous equipment). The process units include the digestion
unit, clarification and mud washing, precipitation, settling
aid, filter press, red mud filtration, and the acid unload-
ing and storage unit.
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3.1.1.5

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Bauxite Slurry Pre-
paration and Digestion Areas are provided by the following
cost curve for alumina plants ranging in capacity from
1,200,000 to 6,800,000 metric tons per year of bauxite con-
sumed. The allocation of costs for informational purposes
to each of the unit process areas is:

Bauxite Storage and Reclaim 14%
Bauxite Grinding | 17%
Digestion 57%
Caustic Handling and Storage 12%

The bauxite feed material may require a higher temperature
digestion than the low temperature digestion costed in this
base-case for the Alumina Handbook. Should high temperature
digestion be required, the capital cost for digestion calcu-
lated from the above percentages should be adjusted upward
by a 1.67 multiplier.

The costs are subdivided into the following components:

Labox 32%
Material 30%
Equipment Usage 10%
Equipment 28%

The regression equation is:

Direct Construction Costs = 465.4(X)0'849
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3.

1.2. CLARIFICATION AND MUD WASHING, FILTRATION

3.1.2.1.

CLARTFICATION AND MUD WASHING
The clarification and mud washing unit provides the facili-
ties to clarify the incoming slurry being pumped from diges-

tion by:

e} Removal of coarse sand, deliquoring the sand, and
washing the sand to recover caustic soda

o Separation of the mud and the liquor in settler tanks

o Washing of the mud in a countercurrent decantation
system of washers to recover caustic soda

o Pumping solids relatively free of pregnant or green
liquor to the filter press building for final clarifi-
catiom. '

Settlers and washers with rake mechanisms provide consoli-
dation of the mud and clear liquor overflows.

Bauxite slurry is delivered to the Clarification and Mud-
washing Area from the digester unit. The slurry stream
passes through a bank of hydroclones in parallel to remove
the coarse sand. The hydroclone underflow containing the
sands discharges to a classifier system. The sand is de-
liquored and washed to a low soda content in a series of
classifiers. After washing, the sand is deliquored to 65%
to 70% solids and piped to a sands disposal tank. The over-
flow from the hydroclones is gravity fed to two operating
settlers where a small amount of flocculant (starch solu-
tion) is added to aid settling. The mud settles to the
bottom of the settlers and is continucusly removed as 30%
solids slurry. The settler overflow 1s gravity fed to an
overflow tank and is pumped to the filter press building for
final clarification.

The mud slurry from the settler underflow is pumped continu-
ously to the first of a series of washers with rake mechan-
isms. The washer system consists of two parallel trains of

washers, 1In each system, the mud is pumped through the
washers in series, while wash water is pumped countercurrent
through the washers. Overflow from the first washer is

returned to the digestion unit and dilutes the pregnant or
green liquor reporting to the settlers. Underflow from the
last washer in each train is pumped to the red mud filter
unit for final washing. A spare settler/washer is included
which can be used when either a settler or washer is taken
out of service for cleaning, descaling or maintenance.
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3.1.2.2.

3.1.2.3.

Additional secondary streams such as the sand classifier
overflow, cloudy filtrate and filter waste from the filter
press unit, and hose water are included, but not covered in
this description.

FILTER PRESS

The filter press unit provides the facilities for reducing
the amount of solids that remain in the pregnant or green
liquor overflow from the settlers in the clarification and
mud washing unit.

Settler overflow from the clarification area, with filter
aid added, is pumped through filter presses, in parallel, to
remove the remaining solids in the pregnant liquor. The
clear filtrate reports to a clear filtrate tank for pumping
to the precipitation unit wvia the heat interchange unit.
Cloudy filtrate is diverted to a cloudy filtrate tank and
returned to the clarification area. The filtered press cake
is discharged to a press cake tank via a vibratory screen to
facilitate removal of scale and miscellaneous lump material.
The press cake is pumped to the clarification area for wash-
ing and recycle of liquor back through the filters.

A caustic cleaning system, with heat exchanger pumps and
piping, is provided as is an acid cleaning system with a
separate tank for acid cleaning of the leaves.

RED MUD FILTIRATION

Underflow from the last stage of washing in the Clarifica-
tion and Mud Washing Area is pumped to the red mud filtra-
tion unit where the red mud is filtered and washed on rotary
drum filters to recover dissolved alumina and soda. The mud
filtration system is designed for continuocus 24 hour per day
operation with sufficient filters installed to allow for
scheduled filter cleaning, cloth changing and maintenance
without interrupting process flows,

Slurry underflow from the last washing stage in the Clarifi-
cation and Mud Washing unit is pumped to a number of wvari-
able speed rotary drum filters operating in parallel. The
slurry is filtered and the red mud cake is washed during the
filtering operation to recover dissolved soda and alumina.
The red mud cake is washed on the filter drums with hot con-
densate. The washed cake, at approximately 60% solids, is
discharged from the filters via a reoller discharge system
into a trough type agitator or repulper.

Variable speed mud disposal pumps pump the red mud and the

sands from the sands classifier in the clarification and
washing unit to the red mud disposal area.
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3.1.2.4,

3.1.2.5.

A caustic cleaning system, iIncluding all necessary storage
tanks, heaters, pumps and piping, is included for the clean-
ing of the red mud filtration equipment.

RED MUD DISPOSAL

A red mud disposal area is provided to contain the red mud
pumped from the filtration unit in the Clarification and Mud
Washing area. In order to ensure compliance with environ-
mental requirements, the disposal area has been constructed
to keep seepage and egress of waste liquor remaining within
the disposed mud to a minimum. The red mud will be disposed
of in layers or stacks. The pipeline discharging the red
mud at the disposal area is adjusted/relocated as each layer
reaches a predetermined elevation.

LIME SLAKING AND STCRAGE

The production of alumina from bauxite requires lime usage
at the following locations: the bauxite grinding area,
clarification area, filter press and organic removal (oxa-
late control). Depending on the availability of limestone
or burned lime (i.e., pebble lime), the lime plant may en-
compass both or one of the following two systems,

(a) Lime burning plant complete with facilities for wun-
loading crushed limestone, stockpiling, reclaiming,
burning the limestone in oil-fired kilns, crushing the
burned lime, and conveying it to a storage bin in the
burned lime storage area.

{by Lime storage and lime slaking complete with facilities
for receiving and storing burned lime, weighing and
conveying burned lime to slakers, slaking the lime,
removing coarse solids, storing lime slurry; pumping
slurry to bauxite pgrinding, clarification, filter
press and organic removal area.

In the event limestone is used, both systems would be re-
quired. In the event burned lime is used, only the second
system would be required. This estimating system assumes
burned lime is used.

The lime storage and lime slaking facilities include the
following: storing the burned lime; weighing and conveying
the burned lime from storage bin to the slakers; slaking the
burned lime with diluted caustic to produce a lime slurry;
storing lime slurry for an approximate 8-hour requirement;
pumping and metering lime slurry to the bauxite grinding,
clarification, filter press and organic removal system for
process use.

The lime storage and lime slaking facilities are open air
construction, The slakers, tanks and other equipment
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3.1.2.7.

carrying lime slurry are subject to scaling by calcium car-
bonate and other deposits, thus acid cleaning facilities are
provided.

ACID HANDLING AND STORAGE

The acid handling and storage unit includes tankage and con-
trols required to receive both sulfuric (98%) and hydro-
chloric (35%) acids; and to prepare and distribute diluted
and inhibited acids to wvarious process units and to the
powerhouse. Included are facilities for receiving and un-
loading road tankers. The stored acid, either sulfuric or
hydrochloric, can be pumped into its associated blending
tank where inhibitor can be added using wvariable speed
metering pumps. Blending tanks are equipped with agitators.
The mixed acid is pumped from the blending tanks to acid
cleaning tanks in the various facilities. Sulfuric acid
goes to the digestion unit, evaporation unit and the process
water storage. Hydrochloric acid goes to the digestion and
filter press unit. A neutralized acid tank is located in
the acid storage area, The spent acid, from the process
units requiring acid cleaning services, is returned to the
tank for neutralization before disposal to the mud disposal
system. The acid unloading and storage area is an open-air
facility.

SETTLING AIDS

The settling aid facilities prepare a flocculant (starch) to
be used as a settling aid in the clarification and mud wash-
ing unit to accelerate settlement of the red mud.

The facility comnsists of a starch unloading system with dust
control equipment, starch bulk storage silos, conveying and
controlled feeding systems from silos to a mixing tank,
transfer pumps to starch slurry holding tanks, caustic stor-
age tanks with agitators, prepared starch storage tank and
metering pumps for distribution of starch to settlers and
washers,

Starch is unloaded from bulk road carriers and discharged
into the storage silos equipped with dust collectors. The
dry starch is discharged from the bottom of the silos tc a
batch mixing tank via weigh feeders and conveyors. Water is
added in the mixing tank plus a quantity of caustic soda to
prevent fermentation. The starch slurry is pumped to stor-
ape tanks, each designed to hold approximately one day's
supply. Starch slurry is drawn from one storage tank con-
tinuously and pumped to the prepared starch storage tank.
Diluted caustic which has been prepared and stored in the
diluted caustic storage tanks is pumped into the prepared
starch storage tanks and mixed with the starch slurry. The
proportions of starch slurry and diluted caustic are
regulated to obtain a predetermined mixture which is then
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steam heated and cooked. The final starch solution is dis-
tributed to the mud settlers and washers in the clarifi-
cation area.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION GOSTS)

The breakdown of costs for each unit process in the Clarifi-
cation and Mud Washing, Filtration Area is as follows:

Clarification and Mud Washing 47%
Filter Press 19%
Red Mud Filtration/Disposal. 17%
Lime Slaking and Storage _ 10%
Acid Handling and Storage 2%
Settling Aids ' 5%

The direct construction costs for the Clarification, Mud
Washing and Filtration Areas are provided by the following
cost curve for alumina plants ranging in capacity from
1,200,000 to 6,800,000 metric tons per year of bauxite con-
sumed. The costs are subdivided into the following compon-
ents:

Labor 35%
Material 31s
Equipment Usage 10%
Equipment 24%

The regression equation is:

Direct Construction Costs = 213n8(X)0"849
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3.1.3. HEAT INTERCHANGE, PRECIPITATION, HYDRATE CLARIFICATION AND
EVAPORATION

3.1.3.1.

3.1.3.2.

HEAT INTERCHANGE

The equipment and facilities in the Heat Interchange Area
performs the following major functions. This unit process
cools the filtered pregnant liquor from the filter press
unit by means of vacuum flash cooling. The flash steam from
the cooling operation is used to preheat the spent liquor
returning from precipitation on its way to the digestion
unit via the evaporation plant.

Filtered pregnant liquor is pumped from the filter press
unit to the heat interchange unit where it passes through a
nunber of flash tanks in series. The liquor is successively
flash cooled in each stage. The flash vapor resulting from
the cooling is routed to the shell side of an associated
bank of heat exchangers. From the final flash tank, the
pregnant liquor flows to a barometric flash tank where it is
cooled to the desired temperature before being pumped to the
precipitation area, The barometric flash tank is equipped
with a barometric condenser, steam ejector, seal leg and
hotwell.

Spent liquor is pumped from the precipitation area through
the tube side of a bank of heat exchangers, in series; the
spent liguor running countercurrent to the pregnant liquor
in the flash tanks. The spent liquor is heated progressive-
1y in the heat exchangers by condensing the flash wvapor from
the flash tanks. Each flash tank and heater stage has the
capability of being bypassed for maintenance and cleaning.
The hot spent liquor is then fed to the evaporation unit for
further processing. Condensate from the flash tanks and
from the heat exchangers is collected and transferred to the
appropriate tank in the digestion area for clean or dirty
condensate., Caustic cleaning of piping and equipment is re-
quired periodically.

PRECIPITATION

Precipitation or crystallization of the alumina trihydrate
(hydrate) is achieved in several process trains of precipi-
tator tanks by seeding the cooled pregnant liquor, feeding
from the heat exchange unit, with hydrate seed. The preci-
pitator tanks are arranged in series utilizing a continuous
"cascade" crystallization or precipitation process. The
tanks are air agitated to promote intimate mixing of the
seed and pregnant liquor. Each train provides for the pre-
cipitation of the hydrate in stages with integral interstage
flash cooling of the liquor. Initial separation of the hy-
drate from the spent liquor at the completion of the preci-
pitation cycle is performed in hydraulic classifiers or
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3.1.3.3.

3.1.3.4.

hydroclones with final clarification of the spent liquor
being achieved in large settlers or seed thickeners. The
precipitation unit is an open air facility consisting of a
large "tank farm" with a common top platform.

Pregnant liquor is fed into the precipitation unit from the
heat exchange unit and enters the first precipitation stage
together with primary and fine seed from the hydrate classi-
fication area. The liquor is agitated within the precipita-
tor and flows forward through the first and consecutive
stages by gravity overflow. Between the consecutive stages,
the hydrate slurry flows through a flash stage where the
slurry is flash cooled. A hydraulic classification system
receives the precipitated hydrate from the various precipi-
tation stages. Coarse or final product discharges to surge
tanks and is pumped to the calcination area. Undersized or
seed hydrate 1is returned to the precipitation train for
seeding of the incoming pregnant liquor. A caustic cleaning
system 1s provided, ineluding heat -exchangers, pumps and

piping.
HYDRATE CLASSIFICATION

The separation of hydrate from spent liquor and classifica-
tion of hydrate into product size hydrate and seed hydrate
is performed in hydraulic classifiers or hydrocyclones.
Final clarification of the spent liquor is achieved in large
diameter settlers or tertiary thickeners., The thickeners
are cone bottom tanks with open tops and are equipped with
rake mechanisms.

Overflow from the precipitation area flows to the settler
(seed thickeners). The fine seed settles out and is raked
by the rake mechanism to the underflow nozzle of the tank
and pumped out to seed storage tanks. Seed is transferred
from the storage tanks to the first stage of precipitators
in the precipitation unit. Overflow spent liquor from the
settler (seed thickener) feeds by gravity to a surge tank.
The spent liquor is pumped -to the evaporation unit and the
heat exchange units prior to returning to the main liquor

recycle stream.

EVAPORATION UNIT

The equipment and systems within the evaporation unit are
required to evaporate a quantity of water from the spent
liquor stream coming from the precipitation area prior to
the return of the concentrated spent liquor to digestion for
recycling into the process. Evaporation 1is required in
order to maintain water balance in the plant and to increase
the caustic content of the spent liquor. The evaporation
system is an outdoor installation with equipment mounted in
a structural steel framework.
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A complete multi-stage liquor evaporator increases the
caustic concentration of the spent liquor stream returning
from the precipitation area via the heat interchange unit.
The evaporation unit includes flash tanks, shell and tube
heaters, vertical multiple effect evaporators, barometric
condenser, ejectors and hotwell. Piping and valves are in-
stalled to allow bypassing any unit in the evaporator or to
bypass the evaporator in its entirety. The evaporator cir-
cuit consists of a series of flash stages, each stage con-
sisting of a flash tank, a tube and shell heat exchanger and
a condensate flash tank,

Spent liquor enters a stage of regenerative heat exchangers
prior to passing through an additional stage of indirect
heat exchangers utilizing direct steam from the power sta-
tion. The heated spent liquor then passes through the
series of flash tanks where steam is given off and the spent
liquor cooled. The cooled and concentrated spent liquor is
pumped through an additional stage of indirect heat exchang-
ers and then returned to the spent liquor stream-feeding the
digestion unit.

Steam evolved in the lowest pressure flash tanks is condens-
ed in surface condensers cooled by process cooling water.
The live steam condensate and regenerative condensate is
combined and pumped to the digestion area. An acid cleaning
system is provided complete with storage tanks, pumps and
piping. Connections are provided to allow for periodic
caustic cleaning of the vessels and heat exchangers.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The costs of each unit process in the Heat Interchange, Pre-
cipitation, Hydrate Classification and Evaporation Area are
shown as follows as a percentage of the total area cost.

Heat Interchange 4%
Precipitation and Hydrate Classification  78%
Evaporation 18%

The costs for evaporation will decrease should high tempera-
ture digestion be selected with the cost adjusted downward
via a .67 multiplier.

The direct construction costs for the Heat Interchange, Pre-
cipitation, Hydrate, Classification and Evaporation Area are
provided by the following cost curve for alumina plants
ranging in capacity from 500,000 to 2,000,000 metric toms
per year. The costs are subdivided into the following com-
ponents:
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Labor 32%

Material 25%
Equipment Usage 11%
Equipment 32%

The regression equation is:

Direct Construction Costs = 445“3(X)0°892
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3.1.4. CALGCINATION AND ALUMINA STORAGE

3.1.4.1.

HYDRATE FILTRATION AND CALCINATION

Calcination is the final process step in the production of
alumina. The calcination unit consists of two parts. The
first filtration, includes hydrate storage tanks and hydrate
filters with all necessary ancillary equipment. The second
part of this facility covers the calcination of hydrate to
alumina and includes fluidized bed calciners and support
equipment, such as electrostatic precipitator, cyclomes,
conveying systems, burners and alumina coolers.

Hydrate Filtration Included in the Hydrate Filtration Area
are the following facilities:

o Hydrate storage tanks to store the alumina trihydrate
slurry produced in the precipitation unit

o Density contrel tanks to control density of the
hydrate slurry prior to filtration

o Hydrate pan filters to deliquor, wash and dewater the
hydrate prior to feeding it to the fluid bed calci-
ners.

The filtration section of the calcination unit is in an en-
closed multi-story building structure. An elevator common
to both the filtration section and to the calciner section
is provided.

The hydrate slurry received from the precipitation unit is
stored in the hydrate storage tanks. Underflow from the
hydrate storage tanks flows by gravity to the hydrate den-
sity control tanks where the hydrate is diluted so as to
maintain a controlled flow rate to the hydrate filters. The
hydrate filters deliquor and wash the hydrate and reduces
its soda content to specified levels. The soda level 1is
achieved by using a countercurrent wash system. The de-
liquored and washed cake is discharged from the filter to
the calciners. Caustic cleaning equipment is provided for
cleaning of major wet process equipment.

Circulating Fluids Bed Calciners The process functions of
the calcining system are as follows:

o Hydrate drying and preheating
o Calcining
0 Cooling

o Flue gas cleaning.
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3.1.4.3,

Three distinct operations are required in the caleciners in
order to convert the alumina trihydrate to the specification
grade alumina. 1In the first operation, hot flue gases from
the calciner dries the hydrate being fed and reduces the
amount of chemically bound moisture. The dried hydrate is
transferred to the calcining section where the final calcin-
ing temperature will be achieved by combustion of the fuel.
In the third stage, heat from the calcined alumina is used
to preheat the combustion air. Cooling of the alumina will
be accomplished in a fluid bed cooler. The outgoing alumina
is transported to the alumina storage unit via an air acti-
vated gravity conveyor system with air type lifts. Flue gas
cleaning equipment is provided to meet the applicable air
pollution regulations., The collected dust is returned to
the calcining system.

ALUMINA STORAGE AND RECLAIM

The function of this facility is to receive the alumina pro-
duct from the calcination facility and convey it to the top
of alumina storage silos for distribution to the selected
silo. The silo reclaim system has the capability of re-
claiming, conveying and feeding the reclaimed alumina into
railway cars through a rail load-out system. The load-out
system is equipped with railway track scales which automati-
cally weigh and record the quantity of alumina being out-
loaded.

Alumina Transfer Into Storage Alumina is discharged from
the fluid bed calciners into an air activated gravity con-
veyor system feeding to an airlift system which elevates the
alumina for distribution into the storage silos. The alu-
mina discharging from the airlift system is fed into a
“spider" distribution system which evenly delivers the
alumina into the selected storage silo. The spider distri-
bution system is arranged to minimize segregation of the
alumina in the silo.

The silos and alumina transfer system are equipped with dust
collectors and fans. Alumina is reclaimed from the storage
silos wutilizing an internal reclaim system consisting .of
open type air activated gravity conveyors. These conveyors
fluidize the stored alumina, when required, so as to main-
tain a reclaim rate to allow for rapid filling of the rail-
way cars. The air activated gravity conveyors feed to an
arrangement of telescopic load-out spouts complete with dust
control take-off points. After completion of loading, each
car is automatically weighed and the weight recorded.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

Individual unit procegs costs are shown as a percentage of
the total area costs as follows: :
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Hydrate Filtration and Calcination 66%
Alumina Storage and Reclaim 34%

The direct comstruction costs for the Calcination and Alu-
mina Storage Area are provided by the following cost curve
for alumina plants ranging in capacity from 500,000 to
2,000,000 metric tons per year. The costs are subdivided
into the following components:

Labor 25%
Material 1is
Equipment Usage 5%
Equipment 59%

The regression equation is:

Direct Construction Costs = 4&1.07(X)0°849
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3.1.5.1.

.1.5. ALTERNATIVE UNIT PROCESSES

LIME PLANT

The lime burning facilities furnish a continuous supply of
burned lime to the lime storage and lime slaking area. The
plant consists of a system for unloading crushed limestome,
conveying the limestone to stockpiles, reclaiming the lime-
stone and conveying to a kilm, burning the limestone in an
oil-fired kiln, cooling burned lime, crushing the lime, con-
veying the lime to the burned lime bin.

The lime burning plant has all environmental control equip-
ment, limestone bin, cooler conveyors, receiving hopper and
ancillary equipment.

The direct construction costs for the Lime Plant Area are
subdivided into the following categories:

Labor 25%
Materials 113
Equipment Usage 5%
Equipment 59%

The regression equation is:

Direct Construction Costs = 79.708(X)0"849
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3.1.5.2.

3.1.5.3.

ORGANIC REMOVAL

Sodium oxalate derived from organic matter associated with
the bauxite feed adversely affects hydrate precipitation.
The oxalate removal system included is designed to remove
the oxalates and other impurities from the plant Iliquor
stream, such that the concentrations of these contaminants
are maintained at an acceptable level. The orxganic removal
system is installed within a structural multi-story building
which is roofed and sheeted.

A portion of the underflow stream from the seed thickeners
is pumped to a filter building where the seed is washed on a
rotary filter, The solid phase oxalate on the seed is dis-
solved and the resulting oxalate rich filtrate is fed to an
oxalate destruction unit. The filtrate from which the oxa-
late is removed is returned to the main process spent liquor
stream. Connections for caustic cleaning of the equipment
are included.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Organiec Removal Area
are provided by the following cost curve for alumina plants
ranging in capacity from 500,000 to 2,000,000 metric tons
per year, The costs are subdivided into the following com-
ponernts:

Labor 34%
Material 25%
Equipment Usage 11%
Equipment 30%

The regression equation is:

Direct Construction Costs = 39.,58(}(,)0°851
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.2,

3.

GENERAL FACILITY COSTS

2.1. GENERAL PLANT

3.2.1.1.

3.2.1.2.

3.2.1.3.

SITE

Site preparation includes the clearing, grubbing and prepar-
ation of the land at the refinery site; leveling of indivi-
dual building sites and process areas; the preparation and
paving of all roads within the refinery and designated roads
leading to remote facilities of the refinery, parking lots
and all laydown areas; and the preparation of all railway
beds within the refinery limict.

Included under General Facility Costs (process) are yard
pipe racks and the piping (outside pipelines) which transfer
the wvarious liquors from one process unit to another.
Piping within the battery limits of each process unit is
considered an integral part of that particular unit. All
piping between the battery limits of the process units,
carried on the pipe racks, is considered as yard piping.
The following 1s a listing of the major pipe systems routed
along the pipe racks: steam, water, compressed air, caustic,
bauxite slurry, green liquor, spent liquor, hose water, hose
liquox, starch slurry, lime slurry, acid and fuel oils.

The storm drainage system is designed to handle a storm with
a 530 year return cycle, based on assumed local rainfall
figures.

Within the refinery limits, storm sewer lines are open
channels. Outside the immediate 1limits of the refinery
drainage is by means of open ditches or pipe.

COMPRESSED AIR

Four air compressor are located in the power plant. Taking
ambient air, the compressors filter, compress, cool, and in
the case of instrument air, dry the air. Air receivers
store the compressed air to protect the air system against
surges in demand.

FUEL OIL STORAGE AND DISTRIBUTION
Fuel o0il unloading facilities include - for the unloading of
road tankers - stations to unload up to four tankers simul-

taneously.

The fuel o0il storage tanks are per A.P.I. standard and are
protected by bunds and a foamite system,

The fuel storage tanks are equipped with steam suction heat-
ers. A pumping station and piping system for circulating
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3.2.1.5.

3.2.1.6.

oil to the calcination unit and also to the power facility
is included.

DIESEL FUEL STORAGE AND DISTRIBUTION

Diesel fuel unloading facilities include capacity for the
unloading of two diesel road tankers simultaneously. The
unlcading is accomplished by one of two pumps. The piping
arrangement is such that the pumps can be used for either
the unloading or distribution of the diesel o0il to various
facilities. A storage tank is included and is a standard
A.P.I. storage tank protected by bunding and a foamite
system. Diesel fuel is distributed to the calcination unit,
powerhouse, and garage and heavy vehicle equipment shed.

SANITATION SYSTEM

The sanitary sewer system serves all offices, restrooms, and
control rooms with toilets, shower or kitchen facilities.
It is sized and designed to handle all raw sanitary sewage
in accordance with applicable health regulations and codes
for sewage treatment plant design and operation. The efflu-
ent from the sewage plant is fed to the refinery process
water lake or reservoir. The digested sludge is disposed of
into the red mud disposal.

PRIMARY WATER PLANT AND STORAGE

The unit consists of a system with the capability of treat-
ing, storing and supplying the refinery with potable water.
Untreated water is fed in from a refinery fresh water lake
and treated as necessary to produce an acceptable potable
water. In general, the treatment consists of flocculation,
clarification, filtration and chlorination. The treated
water 1s stored in water storage tanks for treated/fire
water distribution.

Treated water 1s delivered to a storage surge tank from
where water is pumped to the process water distribution
system.

A refinery process and cooling water reservoir is included
in the plant process water facilities. It has been assumed
that such a reservoir would receive total rain runoff from
the refinery site, including rain collected on all open
slabbed areas during heavy rainfall periods. The sumps nor-
mally handling process spillage on the slabs would be set to
discharge to the refinery process water reserveir so as to
keep dilution of the process liquor to a minimum. Cooling
water for both the refinery and power plant are taken from
and returned to the reservoir. Process cooling water pump
stations are located in the process and power plant areas.
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A fresh-water lake has been constructed in the locality of
the refinery so as to ensure an adequate and continuous sup-
Ply of fresh water to the plant. The lake area, plus an
additional width around the lake perimeter high water mark,
is cleared of all vegetation, tree stumps, etc. The lake
and dam are constructed of appropriate impervious materials.
The wetted faces of the dam are constructed of rip-rap
stone.

Included is a pumping station and a pipeline feeding to the
refinery to both the water treatment plant and to the pro-
cess water lake or reservoir.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the General Plant Area are
provided by the following cost curve for alumina plants
ranging in capacity from 500,000 to 2,000,000 metric tons
per year. The costs are subdivided into the following com-
ponents:

Labor 48%
Material 29%
Equipment Usage 18%
Equipment 5%

The regression equation is :

Direct Construction Costs = 6,175.9(X)0°663

Should the primary water and sewage treatment be pro-

vided by a utility, remove 3% of the capital costs
calculated.
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3.2.2.1.

.2.2. POWER SUPPLY SYSTEM

POWER PLANT

The power plant provides a firm supply of electricity, steam
and compressed air to the refinery. Individual items of
equipment are sized and spared to ensure full-load utility
demands are met, even when major pieces of equipment are out
of service.

The power plant 1is equipped with independent, identical
units, each unit consisting of a coal and oil-fired boiler
and an extracting, condensing steam-turbine generator loca-
ted in a multi-story building. Emergency power is provided
by diesel-driven generators or gas turbines. Also, four air
compressors provide a supply of compressed air for instru-
ment air, general plant service air and agitation air for
the precipitation unit.

The beoilers are capable of maintaining a continuous rated
flow when burning coal or No. &6 fuel oil or various combin-
ations of the two. 0il is used when coal is not available.
No. 2 o0il is used for ignition of the burmer and is shut off
after a main burner is ignited.

The boilers have numerous sub-systems and components to en-
sure reliability and efficiency. They include he following:

o Pulverized fuel system

o Draft system

0 Air heaters

o Super-heater and super-heater attemperator
c Economizer

o Soot blowers

o Electrostatic precipitators

o Bottom ash system

o Fly ash system

o Blowdown systems.

The bottom ash system provides for final disposal of the ash
by trucks to a dispcsal area. The fly ash is slurried and
pumped to the red mud filter building and disposed of with
the red mud feeding to the red mud disposal area. The tur-
bine generators produce the power plant electricity. High-
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3.2.2.3.

pressure, high-temperature steam from the boilers drive the
turbines, which are directly coupled to generators. Steam
extracted from the turbines supplies steam to the HP feed
water heaters to the power plant deaerating heaters, and to
the alumina plant process steam headers.

The major turbine sub-systems are:

o Turbine control and protective devices

o Turbine lubricating oil system

o Steam stop, inlet control and extraction control
valves,

Emergency power is supplied to the power plant and alumina
plant by diesel generators. Emergency power is required
when all steam turbine generators are down at the same time.
A separate emergency power system connects the diesel gener-
ators to equipment requiring emergency power. In the power
plant, this is any equipment that needs power for a safe
shutdown or that is required to restart the power plant. In
the alumina plant, emergency power is supplied to equipment
or processes that could be damaged without power. The emer-
gency power system is capable of starting from a standstill
in a complete electrical blackout., The steam turbine gener-
ators and boilers are started one at a time once the emer-
gency diesel generators are operating.

All major power plant operations are conducted from the
power plant central control room, including starting, load-
ing, and shutdown operation of boilers, turbine generator
units, air compressors, emergency diesel generators and
other items of plant equipment.

ELECTRICAL DISTRIBUTION SYSTEM

With the power plant at its center, the electrical distribu-
tion system is designed and arranged to provide a reliable
supply of power to the alumina process plant.

The power plant location within the refinery area is such
that distances to the major electrical locads are as short as
possible. The distribution system is basically radial pri-
mary with double-ended substations of a single tie breaker,
secondary selective type. Feeder and transformer capacity
is designed to allow for load increases and for feeder or
transformer failure,

YARD LIGHTING

Yard lighting embraces all lighting for those areas gener-
ally outside the process unit area battery limits,
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3.2.2.4.

3.2.2.5.

The yard lighting installed includes appropriate lighting
for all roads; all designated parking areas; all open oper-
ating areas, such as railway loading and unloading statioms,
bauxite storage and reclaim area, coal storage, oil, caustic
and acid storage areas; and the periphery of all operating
areas.

COMMUNICATION SYSTEM

Telephone System. The telephone system consists of a 425-
line system with a processor controlled digital switching
technique. The refinery is serviced by fixed, mobile and
portable radio systems which comprise a number of VHF and
UHF repeaters. Working wvia these repeaters are numerous
fixed control stations, 'mobile installations installed in
various plant vehicles and a large number of portable
radios, The UHF frequencies are intended for in-plant use.
The VHF frequencies are for red mud disposal and general
security use over longer distance.

The refinery is equipped with a public address system con-
sisting of internally and externally mounted speakers. The
system is broken down into areas with each area having its
own amplifier and being accessed from its associated control
room. The system is tied into the telephone system so as to
give access to each area individually or to all areas simul-
taneously.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Power Supply System
are provided by the following cost curve for alumina plants
ranging in capacity from 500,000 te 2,000,000 metric tons
per year., The costs are subdivided into the following com-
ponents:

Labor 24%
Material 9%
Equipment Usage 5%
Equipment 62%

The regression equation is;

Direct Construction Costs = 2,47952(}{)0"797

Should power be purchased instead of generated on
site, no turbine generators would be required. The
power house costs amount to 68% of the total Power
Supply System Costs. The turbine generators account
for 33% of the power house costs; thus, the total cost
must be reduced by this amount.
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3

3.2.3.1.

3.2.3.2,

3.2.3.3.

.2.3. MATERIALS HANDLING

WHARF

The wharf facility includes the equipment to off-load baux-
ite, cocal and to load product alumina for distribution to
market. The facility includes a skip loader and unloader
with transport of materials to the adjacent refinery.

COAL HANDLING

The coal unloading and storage area receives and stores coal
for the power plant. Coal is transported in bottom dump
rail cars which pass over a bridge and dump the coal into a
large basin from which bulldozers move the coal to a storage
area. Coal 1is reclaimed through an underground tunmel
equipped with reclaim equipment, The coal is transported by
a single conveyor belt to a transfer station, then passes
through a crushing and sampling system prior to delivery by
tripper conveyor to the power plant.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Material Handling Area
are provided by the following cost curve for alumina plants
ranging in capacity from 500,000 2,000,000 metric tons per
yvear., The costs are subdivided into the following compon-
ents: ’

Labor 28%
Material 30%
Equipment Usage 11s
Equipment 31%

The regression equation is:

Direct Construction Costs = 50,478(}()0'461
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3.

2.4. ADMINISTRATION BUILDING/SERVICES

3.2.4.1

3.2.4.2.

3.2.4.3.

ADMINISTRATION BUILDING AND LABORATORY

The administration building is a one-story pre-engineered
building with a steel frame, reinforced concrete floor, in-
sulated metal siding with brick wveneer, drywall partitions,
tile floors and carpeted offices.

The building houses staff personnel consisting of: general
manager, operations manager, technical manager, comptroller,
industrial relations, engineering, purchasing, traffic,

* accounting and data processing. An entrance way with lobby

and conference rooms make up the remaining floor area.

The laboratory section houses the office of the chief chem-
ist and staff and laboratories as follows: sample prepara-
tion room, spectrograph room, atomic absorption laboratory,
automated laboratory, wet laboratory, balance room, film
storage, record storage, reagent storage, mechanical equip-
ment room plus lockers and shower area.

PERSONNEL SERVICES BUILDINGS

The facilities may be separate buildings or under one roof.
The basis for this costing system includes:

o Change House which contains showers, wash basins and
personnel lockers

o Training Center which houses a training area office
and storeroom

o Security and Medical Building which houses security
offices, laboratory and offices for a doctor and

nurse, medical facilities and a fire and ambulance
station

o A Gatehouse for plant entry control is located adja-
cent to the security and medical building.

AREA CONTROL ROOMS AND MAINTENANCE OFFICES

Area Control Rooms are provided for the operation of the
refinery. ©Each of the control rooms is equipped with a
microprocessor-based Distributed Control System (DCS) with
Visual Display units for operator-process interface. Within
each area, Programmable Logic Controllers (PLC's) are used
for digital logic sequencing and interlocking of pumps,
drive motors, etc., with necessary input-outputs to the
Distributed Control System for motor control or status dis-

play.
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3.2.4.4,

Each area control room contains:

o Visual display units for process control and
monitoring

o Video screen copier

o] Alarm printers and computer printers

The Distributed Control System in each area control room is
connected to a main process computer in the administration
building for collection of data, process graphic generation
and process report generation.

The area maintenance offices are equipped with vent fans,
lockers, tables, rack shelving, tool lockers and pedestal
grinders and are serviced by a monorail with hoist.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Area Control Rooms and
Maintenance Office are provided by the following cost curve
for alumina plants ranging in capacity from 500,000 to
2,000,000 metric tons per year. The costs are subdivided
into the following components:

Labor 48%
Material 29%
Equipment Usage 43
Equipment 19%

The regression equation is:

Direct Construction Costs = 1,037,600(}{)0'149
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3

3.2.5.1.

3.2.5.2.

3.2.5.3.

.2.5. SERVICES BUTILDINGS

MAINTENANCE FACILITIES

The Maintenance Shop buildings are one-story pre-engineered
structures with a structural steel frame, reinforced con-
crete floors, insulated metal roofing and siding, concrete
block interior walls, drywall comnstruction for interior
offices and tile floors. Offices include those for the
maintenance superintendent and general offices for craft
supervisors, Shops include: fabrication shop, machine shop,
welding shop, carpentry shop, electrical shop, pipe fabri-
cation shop, instrument repair shop, garage, heavy equipment
shed and equipment cleaning building.

Travelling bridge cranes are installed in the buildings and
jib cranes are located at individual machines or work areas.

Major machine tools are included within the machine shop,
such as lathes, wvertical boring mills, milling machines,
grinders, vertical hydraulic presses, band saws, etec.

The welding shop is supplied with a heat-treating furnace
and welding equipment.

WAREHOUSES

The warehouses are one-story pre-engineered structures with
a structural steel frame, reinforced concrete floors, insu-
lated metal roofing and siding, lock interior walls and
painted floors,

0ffices include those for clerical and administrative per-
sonnel assigned to the receiving and shipping of materials.
The warehouse has a dock for loading and unloading materi-
als. Shelving in the main storage area are included to
organize the location of spare parts.

CAPITAL COSTS CALCULATION (DIRECT CONSTRUCTION COSTS)

The direct construction costs for the Maintenance Shop and
Warehouses are provided by the following cost curve for
alumina plants ranging in capacity from 500,000 to 2,000,000
metric tons per year. The costs are subdivided into the
following components:

Labor 42%
Material 32%
Equipment Usage 5%
Equipment 21%

The regression equation is:

Direct Construction Costs = 1,80.‘3,'900(}()0'1’49
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3.

3.

3.

3,

3

ENVIRONMENTAL CONTROL SYSTEMS DIRECT COSTS

Bauxite and alumirna handling and transfer facilities are ventilated
to minimize dust emission. The exhaust from the bauxite and alumina
handling equipment as well as calcinatigp is adequately treated to
control the particulate level to 50 mg/m™(.022 gr/dscf) in the dis-
charged gases as required by the federal regulations.

The limestome handling and lime kiln facilities, if included, are
also provided with adequate pollution control systems to control the
particulate emission to 0.3 1b/ton of lime in the exhaust gases as
required by the federal regulations. ‘

1. REFINERY CONTROL SYSTEMS

.3.1.1. BAUXITE SLURRY PREPARATION

Bauxite Storage and Reclaim. The storage and reclaim faci-
lity is designed for the storage of bauxite and the reclaim-
ing of bauxite to be fed to the bauxite grinding and slurry-
ing facility,

To control particulate emission, dust collectors are instal-
led at reclaim conveyors transfer points. The dust collec-
tors are filter-bag type with reversible air-jet type clean-
ing. The cleaned air is discharged to atmosphere and the
collected dust is returned to the conveyor belt.

Bauxite Grinding and Slurrying. Dust collectors are ins-
talled at the top of the bauxite storage bins and at the

point of transfer from the trippers conveyors. Dust collec-
tors are similar to those previously described. Bin-mounted
dust collectors are installed in each of the bauxite storage
bins. Each of the three conveyors feeding from the bauxite
storage bins to the pgrinding mills is equipped with dust
collectors.

The direct construction costs can be obtained from the cost
curve following. The costs are subdivided as follows:

Labor 26%
Material lag
Equipment Usage 3%
Equipment 57%

The regression equation is:

Direct Construction Costs = 4.79(X)0’630
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3.3.1.2.

CLARIFICATION AND MUD WASHING

Bauxite refining uses process water for boiler feed water,
washing precipitates and for dilution of pregnant (green)
liquor. These water uses produce the major wastestreanm,
"Red Mud", containing the impurities rejected from the baux-
ite. Secondary wastestreams include air scrubber effluents,
barometric condenser effluents, contact cocling water,
chemical cleaning wastes, boiler blowdown and spills and
leaks. A further wastestream consists of salts removed from
the evaporator.

The two solid wastestreams, Red Mud and salts, are conveyed
off-site for disposal in an approved landfill. Clarified
overflow water is recycled. All other wastestreams are
available for direct recycle within the unit processes as
washwater makeup.

Condensate from the evaporation step is added to the mud
washer to recover caustic soda. The bottom flow from the
mud washer, the Red Mud", is conveyed to an approved land-
fill. Because the "Red Mud" contains the impurities rejec-
ted from the bauxite ore, :‘this landfill must conform to
standard engineering practice to protect surface and ground
water contamination from the suspended solids, inorganic
compounds and elevated pH characteristics of the "Red Mud".

The landfill is constructed of earthen materials including
the liner which will be clay-bearing native material. If
clay-bearing material is unavailable, native material will
be admixed with bentoni;g clay or soil cement to produce a
percolation rate of 10 cm/sec. Sufficient capacity for
holding the mud for at least six months shall be planned,
including 3-ft freeboard before discharge of clarified
decant. Also included in this design will be sufficient
capacity for the annual rainfall minus the combined evapor-
ation and percolation rates. In wetter climates where com-
plete containment may not be feasgsible, the landfill will be
designed, constructed and operated to prevent nulsance con-
ditions such as mosquitoes.

Prior to locating the landfill, tests shall be conducted on
the location of groundwater, soil bearing capacity and per-
colation rates; the location of the landfill will be based
on availability of land providing suitable characteristics
for these parameters,

Hygienic wet air scrubber, barometric condensers, machinery
contact cooling, boiler blowdown and miscellaneous spills
and leaks are collected and reused in the mud washer.

The direct construction costs for the wastewater/red mud
disposal system can be obtained from the cost curve. The
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costs are divided as follows:

Labor 32%
Materials 45%
Equipment Usage 7%
Equipment 16%

The regression equation is:

Direct Construction Costs = 305,9(}{)0=732
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3.3.1.3.

CALCINATION AND ALUMINA STORAGE

Calcination. The alumina hydrate slurry is filtered and
calcined in a fluid bed calciner system. An electrostatic
precipitator system is installed downstream of the calciner
to recoyer the alumina and to reduce the emission level to
50 mg/m~ (.022 gr/dscf) in the exhaust gases. The alumina
dust is recovered from the caleciner gases and the cleaned
gas 1s discharged into the atmosphere through a stack.

The dust recovery system is considered an essential process
operation and is not therefore costed separately in this
section.

Alumina Handling and Storage. Alumina is transferred from
the calciners to the storage silos by means of air activated
gravity conveyors. Venting of the air activated gravity
conveyors is performed by dust collectors. (Filter-bag type
with reverse jet-air cleaning.) Silos are adequately vented
to dust collectors installed in each silo.

The reclaim system from the silos is also fitted with dust
collectors.

The direct construction costs are provided by the following
curve. The costs are subdivided into the following compon-
ents:

Labor 26%
Material 14%
Equipment Usage 3%
Equipment 57%

The regression equation for the costs is:

Direct Construction Costs = 69.647(X)0'677
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3.3.1.4.

STARCH AND LIME PLANT AREAS

A dilute starch sclution is prepared and added to each oper-
ating settler and washer as a settling aid.

The starch is transported to a storage bin by a pneumatic
conveying system. A fabric filter type dust collector is
provided over the starch storage bin to filter the discharg-
ed air. Similar facilities are provided for the lime hand-
ling system.

The direct construction costs for the dust collection system
is provided by the curve following. The costs are subdivi-
ded into the following categories:

Labor 26%
Material la4g
Equipment Usage 3%
Equipment 57%

The regression equation is:

Direct Construction Costs = 60,201(X)0°677
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3.3.2. GENERAL FACILITY CONTROL SYSTEMS
3.3.2.1. POWER PLANT

The steam generator in alumina facilities is a major scurce
of air pollution. The United States regulations currently
limit the emission of the major pollutants from the boiler
exhaust as follows:

Coal-Fired Qil-Fired
Particulates 0.1 1b/06 Btu 0.1 Ib/106 Btu
Sulfur Dioxide 1.2 1b/10° Btu 0.8 1b/10° Bru
Nitrous Oxide 0.7 1b/106 Btu 0.3 1b/106 Btu
Opacity 20% 20%

Alumina Plant Cogeneration Facility

The cogeneration facility for a mid size alumina plant would
require 330 x 10  Btu/hr for power and steam production.

The facility would be coal-fired or oil-fired and subject to
the above Federal New Source Performance Standards.

A special technique such as staged combustion is required to
meet the nitrous oxide emission limitation. The particu-
lates are controlled by an electrostatic precipitator to
meet the above federal emission requirements. For high sul-
fur coal, a scrubber would be required.

The direct construction costs for the environmental control
systems are provided by the following cost curve. The cost
components are subdivided into:

Labor 38%
Material 19%
Equipment Usage 6%
Equipment 37%

The regression equation 1is:

Direct Construction Costs = 18h921(X)0°797
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3.3.2.2.

NOISE CONTROL

The noise standards established by Article 105 of General
Industry Safety Orders by Federal OSHA (Occupational Safety
and Health Administration) are applicable to all industrial
plants including alumina refineries.

The OSHA regulation permits eight hours per day exposure to
noise level of 90 dBA. The exposure time limit is halved
for each 5 dBA increase up to the maximum permitted continu-
ous noise level of 115 dBA,

Community noise codes are pgenerally based on annoyance and
sleep interference. The various industrial and city stan-
dards in the United States allows the continuous noise in
the residential area to be between 60-65 dBA during daytime
and night time due to industrial operations.

The above plant noise level is applicable to all the unit
process areas of alumina refineries. In order to control
the equipment noise level in the plant area, the following
engineering features will be incorporated in the plant
design:

o Plenums to provide low velocity air to noise sources

o Lagging for piping, vessels and valves to absorb radi-
ated noise

0 Silencers or mutes to attenuate noise from high velo-
city flows of gases

o Insulations for fan and other equipment to reduce
noise level

o Vibration isolator mats, pads or sheets between
machines and foundations or floors

] Enclosure surrounding high noise equipment such as
COmMpressors
o Flexible shaft couplings and fabric sections in ducts

wherever possible.

If the above engineering controls fail to reduce sound
levels within the levels specified above, personmel protec-
tive equipment such as muff-type ear protectors and ear in-
serts would be provided and used to reduce the noise expo-
sure.

If the plant is located within a few hundred feed of resi-

dential community, certain measures would be required to
control the noise from the plant operation. These measures
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3.3.3.

would include isolated enclosures for compressors, heavy
duty neoprene pads for cooling towers, fan isolations and
enclosed building with acoustical walls for process equip-
ment.

Allowable community noise level largely depends on the com-
munity location such as rural and urban areas. If the plant
location 1s within a few hundred feet of the residential
area, a sound barrier wall surrounding the plant may be re-
guired to attenuate the noise level.

ENVIRONMENTAL CONTROL SYSTEMS COST ADJUSTMENT

The environmental control standards vary worldwide as illustra-
ted by Table 3 in Section 2.5. This Section of the Alumina
Handbook thus far has been devoted to identifying environmental
control systems and equipment that are required for a refinery
facility located in the United States to meet federal regula-
tions. According to the variation in worldwide standards, some
systems and equipment may not be required or an alternate system
or item of equipment may be selected. The cost estimating sy-
stem prepared for this handbook includes an adjustment capabi-
lity for envirommental system construction costs depending on
the specific site location selected. A review of Section 2.5
will assist in the selection plus certain systems may be omitted
or factored for cost adjustment.

Table 6 provides alternative technology to meet the standards
that apply to the four groups of countries described in Section
2.5 and detailed in Table 3. The different categories of the
gas cleaning equipment shown are required to meet the regulatory
requirements of the other metal producing countries of the
world.

The capital cost of various equipment sizes for a baghouse,
electrostatic precipitator, scrubber or cyclone system 1is
illustrated by means of cost factor curves as per Table 7. Dif-
ferent gas flows are plotted to obtain cost factor curves. The
purpose of the curves is to estimate the cost of an alternative
gas cleaning system from the known equipment cost of a base gas
cleaning system such as provided previously in this section.

The curves provide a baseline with a cost factor of unity for a
pulse jet baghouse system required in the U.S.A. to meet the
most stringent air emission limit. The less stringent emission
limit of the other countries can be achieved by the use of a
scrubber or cyclone system.

The cost factors can be applied to the corresponding unit pro-

cess cost curves prepared for this section to make the appropri-
ate adjustment in cost for the equipment selected.
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A typical example is:

A pulse jet type baghouse handling 170,000 m3/h in the material
handling area of the United States plant would cost $380,000.
The baghouse would meet the particulate emission limit of 50
mg/dsm” as promulgated by the United States Envirommental Pro-
tection Agency.

The cost factor for the venturi scrubber system at 170,000 m3/h
is read as 0.28 from the curves. Therefore, the cost of a
venturi scrubber for the raw material handling area would be
0.28 x $380,000 = $107,000.

The emission limit for particulates in the Group IV countries
such as Egypt and India is 300 mg/SM~ as shown in Table 3. A
multi-clone system could achieve this emission limit as shgwn in
Table 6. The cost factor for the multi-elone at 170,000 m”/h is
read as 0.1 from the curves provided in Table 7.

Therefore, the cost of a multi-clone system for the control of
particulate emissions from the concentrate handling area would
be 0.1 x $380,000 = $38,000.

Capital costs for pulse jet and reverse air type baghouse, elec-
trostatic precipitator, scrubber and cyclone were obtained for
the different selected gas flow rates from a paper entitled
"Capital & Operating Costs of Selected Air Pollution Control
Systems".

The cost of a pulse jet baghouse was then taken as a baseline
cost. For a specific gas flow rate, the cost of each of the
alternative equipment such as precipitator, reverse air bag-
house, scrubber and cyclone was divided by the baseline pulse
jet baghouse cost to obtain a cost factor. The cost factor was
calculated as above for all the selected gas flow rates. Thus,
a series of cost factor curves were obtained as shown.
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TABLE 6

AIR POLLUTION CONTROL TEHNOLOGY

Group of Countries
Group I

U.S.A., Canada, Japan

Group IT

Europe, Scandinavia,
Australia, New Zealand,
Taiwan

Group IIIl
Brazil, Argentina, Mexico,
Venezuela, Guayana,
Jamaica

Group IV
Ghana, Guinea, Egypt,

Turkey, Bahrain, Algeria,
Indonesia, India, Surinam

=105~

Storage and Materials Handling

Pick-up hoods on transfer points
and evacuation systems. Baghouse
for particulate control

Pick-up hoods on transfer points
and evacuation system. Venturi
scrubber (medium pressure for
particulate control.

Pick-up hoods and evacuation
system. Venturi (wet) scrubber
for particulate control.

Pick-up hoods & evacuation system.

Multi-clone for particulate control.
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3.4. CAPITAL COSTS CALCULATION - UNITED STATES LOCATION .

3.4.1.

3.4.1.

3.4.1.

3.4.1.

3.4.2,

DIRECT CONSTRUCTION COSTS

The direct comstruction costs are provided for each of the re-
finery unit process areas and general facilities. The costs are
represented by formulae and equivalent curve on a log graph for
the range of capacities indicated. The costs are subdivided
into the following components for each unit process: labor,
materials, equipment usage and equipment.

Labor costs are based on labor rates and labor productivity pre-
valent in the mid-United States in 1984. An average wage rate
of $32.21 per hour has been utilized with this rate divided into
a base wage of 514.91 per hour with 60% burden and 35% construc-
tion iIndirect costs included. The 50% burden represents the
cost of frinpge benefits. The construction indirect costs in-
clude such items as permits, licenses, survey and layout, field
organization, bonds-insurance fringe expenses, temporary build-
ings and facilities, temporary protection, temporary services,
telephone and telegraph, blueprints-stationary and cleanup.

1. TRANSPORT COSTS

Freight costs for transport of materials and equipment to
the jobsite are calculated to be 6 percent of the purchased
equipment and material cost. This cost is additive to dir-
ect construction costs provided in the unit process cost
sections. Ocean freight for sites located outside of the
United States is calculated to be 15% of imported material
and equipment. Refer to Section 3.5.

2. SALES TaX

The sales tax on materials and equipment for the mid-United
States facility is calculated to be 2% and is additive to
the sum of direct construction costs detailed in the unit
process area cost sections.

3. IMPORT DUTIES

All purchases for the facility are assumed to be acquired in
the United States for the United States location.

INDIRECT COSTS

Indirect costs, as described in this capital cost estimating
system, consist of construction management and engineering
supervision and procurement services. These costs vary with the
size of the facility and are represented by the cost curve and
formulae provided in this section.
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3.4.2.1. CONSTRUCTICN MANAGEMENT

Construction management costs consist of on-site functions
to maintain control of quality, schedule, costs and orderly
control of construction of the facility. The various diseci-
plines involved are: project manager, engineering manager,
administrative manager, purchasing manager, accounting mana-
ger and planning manager. Also, field engineers, site mana-
gers, inspectors, materials control personnel, accountants,
warehousemen, expeditors, medical personnel, buyers, secur-
ity and office personnel are included, plus field office
cperating expenses.

The costs also include relocation costs for certain person-
nel.

3.4.2.2. ENGINEERING, SUPERVISION AND PROCUREMENT

3.4.3.

Engineering, supervision and procurement costs are associ-
ated with salaries and wages for: administration of the pro-
ject, project engineering, planning and cost control, pur-
chasing and expediting, office sexrvices, support services
and design engineering. These costs include payroll addi-
tives for burden and overhead.

Expenses are allocated for personnel relocation and office
expense as required.

OTHER COSTS

Associated with the cost of a project are expenses that, in many
cases, are incurred as an owner's cost and are accounted for in
this manner. These are included in this estimating system and
itemized separately to allow the handbook user to assign these
costs as required by the specific circumstances. A major cost
that is omitted, however, is the cost of land which will vary in
every analysis.

3.4.3.1. SPARE PARTS

Spare parts are expensed at the time of equipment purchase.
The quantity of spare parts for any piece of equipment
generally consists of one-year's supply. This cost is cal-
culated to be 2.5% of the total construction cost. In
remote locations, this value should probably be doubled to
provide a two-year's supply.

3.4.3.2. MOBILE EQUIPMENT

Mobile equipment, including payloaders and forklifts utili-
zed for process purposes, are included in the Unit Process
Estimates. In addition, the facility requires payloaders,
sweepers, flatbed trucks, pickups, station wagons, an ambu-
lance, fire trucks, dump trucks, mobile cranes (50 tonne),
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3.4.3.3.

3.4.3.4,

mobile cranes(l5 tonne), portable air compressors, track

mobiles and a locomotive. This equipment is estimated at
$5,000,000.

OFFICE, SHOP AND LABORATORY EQﬁIPMENT

The cost of office, shop and laboratory furniture and equip-
ment is estimated to be $2,500,000.

STARTUP EXPENSES

Startup expenses are divided into the following categories:
training, startup organization, materials, and production
delays.

Training of personnel, including supervisory and operating
and maintenance personnel, may commence 1 year prior to the
estimated startup of the plant, Supervisory persommnel may
be brought on site 2 years in advance.

The startup organization, in the ideal situation, would con-
sist of an experienced operating crew working on 12-hour
shifts to complete the training of personnel and startup of
the faeility. The duration is estimated to be approximately
six months, at which time the number of startup persomnel
would be reduced to specific skill requirements for certain
functions.

A number of wvendor representatives are required to check-out
equipment and ensure the equipment is assembled and started-
up properly. These would include representatives for:

Power Plant
Instrumentation
Grinding Mills
Fan/Blowers/Compressors
Calcination Plant
Process Equipment

and would require a duration of one to three months.
Also, costs are incurred for modifications, abnormal equip-

ment failures and miscellaneous circumstances. Costs are
subdivided as follows:

Startup Costs $13,000,000
Startup Organization $23,000,000
Vendor Assistance $ 1,000,000
Technical Services $22,000,000
Miscellaneous $41,000,000

Loss of production during the startup may vary considerably
during the startup period. The delays depend greatly on the
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3.4.3.5.

3.4.3.6.

skills and presence of an experienced startup team, the
skills of the owner operator in learning to operate and
maintain the equipment and the handling of process problems
that may or may not be a known variable, depending on the
amount of prior testwork or pilet plant work.

These costs are not included within the facility cost but
should be accounted for when considering the economic via-
bility of a project. Historical data is presented in Sec-
tion 3.5 in the form.of other experience.

-OWNERS STAFF

The owners staff would generally comsist of project and pro-
cess personnel to prepare the project criteria, establish
parameters, feasibility, location, raw material source,
labor supply, testwork and technical approach to the pro-
ject. This may require two years or more of preparation,
with three years devoted to the construction of the facility
and involvement in the startup and shakedown period,

Major personnel would consist of the project manager, pro-
cess/project engineers, mechanical engineer, electrical
engineers and an office staff. This group does not include
the owmers operating staff, which will asssemble prior to
the startup period. This cost should be included as an
operations expense, and as with production, delays as part
of an economic analysis of a greenfield plant.

The owners staff, including site visits for technical pur-
poses and operation of the project, would require an esti-
mated $5,000,000.

MISCELLANEQUS COSTS

Miscellaneous costs include marketing studies, site selec-
tion, borehole testing, soils surveys, water supply studies
and testing, environmental impact reports, process testing
and feasibility studies. The estimated costs for an alumina
refinery are estimated to be $41,000,000.

Technical assistance and fees are estimated to be an addi-

tional $22,000,000,
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3.5.

TRANSLATION OF CAPITAL COST METHODOLOGY -- A FACTOR APPROACH

The basic method used for estimating capital costs for alumina re-
fining facilities in foreign locations, given cost estimates for an
equivalent United States facility, is through a series of cost con-
version factors (CCF). The CCF is defined as the ratio of the cost

(expressed in United States dollars) in the country of interest to
that in the United States. Thus, for example, if the CCF were
numerically equal to 1.2 and the estimated United States cost were
$10 million, the estimated cost (in United States dollars) of the
foreign facility would be 1.2 (10) or $12 million.

Analysis of the various cost elements that comprise the total cost
indicates that the CCFs are not constant, but rather vary by cost
category. Thus, for example, construction labor costs in Surinam in
1983 were only about 36% of those in the United States even when
productivity differences (discussed later) are taken into account,
but materials costs in the same year were higher by a factor of
nearly 1.3 compared to those in the United States. For this reason
it is convenient to disaggregate the total capital cost into various
components, e.g., labor, materials, ete., and to provide separate
CCFs for each of the cost components. Operationally all that is
involved is to apply the appropriate CCF to each of the component
costs of the United States plant to calculate the estimated capital
costs in the country of interest. These costs are then added to
produce an estimated total cost in the foreign location.

The reader will note that it is possible in principle to calculate
an gverall CCF as the appropriately weighted combination of the
individual CCFs. This overall CCF could then be applied to the
estimated total capital cost of the United States plant to calculate
the required cost in the country of interest. Such a procedure is
described at the end of this section. It represents a convenient,
though only approximate, calculation procedure. This procedure is
only approximate because it must assume a "nominal" or base case
plant of fixed configuration in order to calculate the appropriate
weights to be applied to the individual CCFs to calculate the over-
all CCF. 1If the actual plant under analysis includes a different
mix of unit processes than the base case, then some error is intro-
duced into the resulting estimate. A more exact estimate can be
prepared if the CCFs are applied at a disaggregated level.

In this study, six major component cost categories have been desig-
nated. These elements and their average percent of total capital
cost of a typical United States facility are:

(a) Construction labor (23% of total) - costs include straight
wages, burden, and indirect field costs. These factors com-
pare construction wage rates in foreign countries with those
in the United States and, at the same time, reflect differing
levels of construction labor productivity.
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(b)

(e)

(d)

(e)

(£

Construction materials (23% of total) - cost factors compare
the weighted costs of structural steel shapes, reinforcing
steel bar (rebar), Portland cement, lumber, gravel and crushed
stone, and sand, These materials were selected because aggre-
gate construction materials costs track well with these indi-
cator materials.

Equipment purchase (29% of total) - cost factors compare (1)
the costs of equipment such as storage bins, belt feeders,
conveyors, crushers, mixers,  pumps, cyclones, furnaces, and
filters that are utilized in the actual operation of the faci-
lity, (2) the sum of costs incurred in the transport of equip-
ment to a port facility in the exporting country, the cost of
ocean freight and the cost of transport within the importing
country, and (3) the costs of any duties assessed on equipment
imports. Transportation costs, 1i.e., specifically export
country transportation costs and ocean freight, and import
duties apply only to countries that import either all or part
of their equipment needs.

Equipment usage (8% of total) - cost factors compare costs of

purchasing or renting on-site construction equipment such as
bulldozers, cranes, haulage trucks, etc., that are utilized in
the construction of the facility.

Indirect costs (8% of total) - cost factors compare costs in-
curred in contractors construction management and engineering,
supervision, and procurement (ES&P).

"Other" costs (9% of total) - owners®' costs, cost of spare
parts, startup expenses and miscellaneous costs are compared
in "other" cost factors.

The methodology described below enables the user to translate
estimated United States costs to foreign locations. Numerical
CCFs are provided in the following sections of the methodology
discussion.

Before presenting an element-by-element discussion of the
above costs, it is appropriate to venture some brief comments
on the relevance of the respective cost shares given above to
the accuracy of the "translated" cost estimate., 1In the typi-
cal United States plant, three cost elements--construction
labor, materials and equipment purchase-account for an esti-
mated 75% of the total capital cost. Because these costs need
to be weighted by the appropriate CCFs, the aggregate cost
share in the country of interest may wvary from this figure.
Nonetheless, in aggregate, the accuracy of these three cost
elements are of key importance to the overall accuracy of the
cost estimate because they account for such a large proportion
of the estimated total cost.

In contrast, the remaining cost elements constitute, both
singly and collectively, a relatively minor proportion of
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total cost. Equipment usage, for example, is estimated to
cost only about 8% of total capital costs. Even if this cost
estimate were in error by as much as 50%, ceteris paribus, the
overall capital cost estimate would be within about 4.0% of
the true value,.

For this reason, considerably more effort has been expended in
the preparation of aceurate CCFs for the first three cost cate-
gories in comparison to the remainder.

3.5.1. TRANSLATION OF CONSTRUCTION LABOR COSTS

Construction labor accounts for a large share, about 23% of
total costs of a United States plant. Construction labor costs
for the United States base-case plant include wages paid to
workers, together with additional costs figured at a burden rate
of 60%, and indirect field costs calculated at 35% of wages plus
burden. In this study, burden and indirect field costs in
foreign countries are also assumed to be approximately equiva-
lent (in percentage terms) to those in the United States. Con-
struction CCFs are the product of two terms,

(a) a relative wape ratio factor--this is the ratio of the
hourly in construction wage in the country of interest to
that in the United States. In Jamaica, for example, the
average wage rate factor (shown in column 5 of Table 8) is
0.10-Jamaican construction wages in 1983 were only about 10%
of those in the United States.

(b) a_productivity factor--this is defined as the ratio of aver-
age labor input required in the country of interest to that
in the United States. For Jamaica, approximately 2.63 times
as many labor hours are required for a given construction
task than would be required in the United States, as shown
in column 8 of Table 8.

The relative construction labor cost for a facility built in
1983 in Jamaican is thus estimated as 0.10 (2.63) or 0.26, the
CCF shown in column 9 of Table 8.

Analysis of wage and productivity data indicates that countries
with lower wage rates than the United States also have lower
productivities. Thus these countries do mnot enjoy quite the
labor cost advantage that a simple comparison of wage rates
would indicate. Productivity differences arise in part because
United States workers are better trained, healthier, etc., but
also because of the availability of labor saving equipment, im-
proved logistics arrangements, etc, The generally higher wages
paid to United States workers both reflects their intrinsic pro-
ductivity and acts to spur substitution of capital for labor,
both of which result in higher physical productivity.

-115-




Table 8 provides all of the information needed to translate
construction labor costs to foreign locations. Column 1 of the
table lists all of the market economy countries that house (as
of this writing) alumina refining facilities. Column 2 provides
1980 wage rates for construction workers in these countries,
Column 3 provides wage rate data for 1983. The rates are ob-
tained (for most countries) 1/ by escalating 1980 construction
wages using a construction wage index. The user should bear in
mind that wage rate estimates are based on national averages in
the respective countries (though in some countries data from
only one or a few cities is used by their government for stati-
stical purposes) and these averages can conceal substantial
intra-country variability. Site-specific data should be used if
available.

Column 4 of Table 8 provides hourly wage data with an adjustment
for burden and indirect field costs. The adjustment for each
country is 1.60 for burden, indicating burden to be 60% of the
direct wage, and 1.35 for indirect costs, indicating the latter
to be 35% of the sum of direct wages and burden, These uniform
adjustments are made necessary by the lack of reliable country-
specific information on burden and indirect labor costs for all
countries of interest 2/. Based upon data from a sample of the
countries, it is concluded that the error introduced by this
assumption is less than 25%.

Column 5 shows the ratio of wages in the host country to those
in the United States. Since burden and indirect cost adjust-
ments are assumed to be the same for all countries, column 5
also shows the ratio of the sum of wages, burden and indirect
costs in the host country and the same in the United States.
The ratio is presented here because it is used to calculate
foreign productivity factors (see column 6). Column 7 provides
productivity factors calculated wvia an alternative approach,
i.e., one using ratios of Gross National Product per capita in
the various countries. Figures in column 8 are the average of
the figures in columns 6 and 7 and are used as the requisite
productivity factors. Finally, column ¢ provides the overall

1/Phoenix Associates have not developed indices for the United States. Con-
struction wages were obtained by escalating 1980 wages by the Engineering -
News Record construction wage index.

2/Part of the reason for this difficulty is that there are not uniform
statistical standards for classification of "fringe benefits" among the
various countries that provide these data, One man's base is literally
another's fringe. In Japan, for example, substantial bonuses are paid to
workers annually. The Japanese view this bonus as virtually automatic and a
normal component of income. In the United States these would be classified
as a fringe benefit, Such differences of statistical convention greatly
complicate the task of developing meaningful country-specific burden rates.
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TABLE 8. - Wage rates, productivity factors and
construction labor conversion factors - 1983

{1} {2) (3) {®) {5) (6) wm (¢)]
7983 Wage
burden and Productivity factors
1980 1583 indirac Ratic of From ) Frem GNP
Nage rlto,‘ Wage r:te,z costs, 1983 wages, ratio, per clpitl,s Average,
Seuntry ASulh AV.3.00 28,0 Bedonloll Yadont, 00 Yalse1.00 2.8:09,00

hustralis §.65 6.0% 13.07 007 1.27 1.06 9.7
Brazil 0.69% 0.53 V.18 0,08 5.76 1,94 3.85
Canade 16.36 13.08 29.03 1.08 0.99 1.04 1.02
France 5.0 LY ] 9.70 .35 1.4k 1.07 1.26
Onena on.,Z 1,88 2.68 0,09 4,88 5.%0° §.22
Greoce 3091 30718 3001 0.29 V.57 10.3 .50
Guines 0.377 0.39 0.8% 0.03 T.20 5.58 621
GWIM 6.86 0.95 2.05 0.07 T 3963 3‘80
Indis 0.35% 0.36 0.78 0.03 7.2 5.87 856
Ireland 872 8,30 9.29 6.33 1.08 10 1.M¢
Italy 5.3% .91 16,61 0.38 1.39 f.22 1.3
Jamsies 1,177 .34 2.83 0.40 2.04 2.32 2.63
leﬂﬂ 6035 T-10 15«:3“ 0:55 1.20 1.08 1.8
Norway 9.7% B8.72 1884 0.68 112 .00 .06
Spain 3.87 3.27 T.06 0.25 1-T0 i 53“ 1.52
Surinas 2.367 2.87 620 0.22 1.81 1,89 1.65
Taiwen 219 1.92 8.15 0.15 2.26 1.66 1.96
Tuﬂmy Q.59 00.6 0.99 0»0' 5076 ZeBB ."w
United Kingdem  5.99 5.23 11.30 0.4 1.35 1.91 1.23
United States 9.9% 12.09 27.8% 1.00 1.00 1.00 100
West Germany T.72 6.36 13,78 0.h¢ 1.2% 1.05 1.15
Venezuele 2.55% 2,95 6.37 0.23 .77 1.0 1.59
Yugosleris 1.52 0.95 2.05 0.07 3.77 1.69 2.73

Toate o;cllnod fros International Labor Organization, Yearbook of Labor Statistics, various editions,
unless otherwise noted.

21980 wages were esculated to 1983 levela using ths Phoenix constructlon wage index, with the
exaeption of Guinean and US wages because Phoenix does not maintain indices for thess countrises. The
1983 wage for Guinan wnre predletad, mesn footnote 8. US wages were esonlntad to 1983 using the
Englneering News Record conatruotlon wage index.

3Anauniﬂ¢ & burden level of 60% of t¢he bewio wage and {ndirect gosts equal toc 3% of the sum of Lhe
basin wage and burden.

PEstinated from the equation,

*F, = 0.203 r0-095 4 ou7ay
vhere

Fry s productivity faeter in eountry i, and
r & ratio of host eolntry and U.S. wage.

SBatinsted fros the equation,

0.727
PP, © 0.283 Ghatid + 0717
whers

P?l = productivity factor in country i, and

G::é:: e ratic of GNP par capits in host country and ONP per capita in the United States.

sbatu ohtained fros Engineering News Record, June 1980, p. 96.

Trredicted from the equation,
%y © 0.00376 (GNPCAP,)©-8128
whers
¥y = construction wage in country i, ang
ONFCAP = 1980 GNP per sapita in scuntry &, ($US).
aPredictad from the squation given in footnote T dut substituting $983 CNPCAP Por 1980 QNPCAP.

Ibace obtained from Enginsering News Record, Decezmber 1980, p. 93.
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0.55
0.5
1906
T
0.26
00.5
0.9
.27
0.20
007
0.50
0.26
0.63
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0036
0.29
0.16
0.50
1,00
0.56
0.37
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labor conversion factor needed to translate to other countries.
It is obtained by multiplying the figures in column 5 by those
in column 8 3/.

Column 9 contains the key numbers for cost translation. Figures
in this column are the CCFs needed to translate labor costs
associated with the United States base-case plant to those in
another country. United States labor costs, obtained from
appropriate cost curves provided in other sections of this hand-
book, are multiplied by the appropriate factor located in column
9. The result is the estimated cost of construction labor in
the host country. If the user of the handbook is able to obtain
reliable country or even site-specific information on wage or
burden rates, indirect costs, or the worker productivity, the
methodology can be adjusted to accommodate this information in
lieu of the estimates given in Table 8. If, for example, the
burden adjustment for some country "X" were known to be 65%
rather than the 60% assumed here, then the cost facter can be
adjusted to reflect this knowledge by multiplying the CCF given
in column 9 by the ratio 1.65/1.60. Similarly, if it is learned
that indirect costs in the country of interest are not 35% of
the sum of direct wages and burden but rather, say 50%, then it
is necessary to multiply by a factor of 1.50 rather than 1.35--
hence the appropriate cost factor is the table entry in column 9
of Table 8 multiplied by (1.65/1.60) times (1.50/1.35). 1In this
way, users of the handbook can incorporate available country--or
site-specific information to the methodology given here.

3.5.2. TRANSLATION OF CONSTRUCTION MATERIALS COSTS

A comparison of international prices for construction materials,
represented by structural steel shapes, reinforcing steel bars
(rebar), portland cement, gravel and crushed stone, lumber, and
sand, results in the various foreign materials CCFs given in
column 5 of Table 9. These factors are derived from 1980 prices
in the foreign countries weighted to reflect their contribution
to total alumina plant material costs (see column 2). These
weights reflect the assumption that 52% of the total materials
cost is accounted for by structural steel shapes; 7% is accoun-
ted for by rebar; 4% (each) is attributable to cement and
lumber; 5% is made up of gravel/crushed stone costs; and the
remaining 1% 1is attributable to sand--percentages selected on
the basis of RKE's historical experience.

Approximately 27% of the outstanding construction materials
costs is made up of "other" construction materials costs consis-
ting of equipment installation materials (18%) and electrical

3/Alternatively, labor conversion factors can be derived by multiplying the
1982 wage rate (with or without adjustments for burden and indirect costs)
in the country by the productivity factor for the country, then dividing the
result by the 1983 wage rate (with or without adjustments) in the United
States.
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TABLE 9. -~ Construction materials cost factors - 1983

(1} (2) (3} {8) (5)
Welghted coat Weighted cost Conversion
1980, Price ahange 1903, faster,
Eountry miliion §U.S, 1980-158%, pat.! miliion $U.8 U.8.51.00

Austrelise 5§6.216 B3] 85.653 1.0
Brazil 56,694 =14 48.757 0.89
Cenada £6:760 - i 59,309 1.00
Prance 48,486 =24 36.849 .67
G ana 52,751 - ® «
Oreace 57.470 : =18 #7.125 0.86
Guines 52,751 =22 Bi.1k6 0.75
Guylm 6“95"8 =G 55 T30 107
Indis 54,138 13 61.1T1 .11
Ireland T1.875 =19 57.895 1.05
Itll’ T8.709 =27 57.458 1.04
Jamales 64 .548 12 T2.294 13
Japan 48,454 =9 §1.363 0.75
Norway 55.553 =16 46.665 0.85
Spain 43.545 =18 : 35.707 Q.65
Surinaz 64,548 12 T2.294 1.3t
Taiwan 68.T4 =14 59.120 1.07
Turkey §2.554 =25 31.916 0.58
United Eingdom 70355 :;g 57.691 1.05
Tnited States 560205 55.081 1.00
West Germany 61.560 -26 b5 .554 0.83
Vanezuels 40.092 n £2.521 0.9%
Tugoslavie 33.382 =38 20.672 0.38

1Pr1eo changes refer to percent changs in locsl ourrency; )ased on Phoenix construcstion satsrisls
indices unless otherwise noted.

zAlthoush the computer printout ol ENR prices of construction materisls shows a 23% increase between
1960 and 1983 a comparison of actual 1980 and 1983 data--the first based on the average of quartsrly

ésts and the latier based on the aversge for June~=-shows a decrease of 2.0% in the priocs af
sonstruntion materiale of interest. Compare:

Aversge 1980 prices June 1983 pricas

$630/MT

$418/MT

$65/MT
$14.30/Cublo Yard
$11.40/Cubio Yard
$137/Cublic Meter

Struotural Stesl
Rebar

Portland Cement
Gravel/Cr. Stone
Sand

Lumbesr

$621/MF

$383/MT

$68.21/MT
$15.43/Cublic Yard
$i1.90/Cublo Yard
$142/Cublie Meter

=119~

Based on this evidence the 1980 U3 weighted ocoat was daflated by 2% rather than inflated by 23%.



equipment (9%). To the extent that these costs, foremost equip-
ment installation materials, are likely to track with an aggre-
gate of six materials referenced above, the error introduced by
their omission is small,

Weighted costs in 1980 are then escalated to 1983 levels (see
column 4) using (with certain exception) 4/ the Phoenix Associ-
ates construction materials cost indices for the respective coun-
tries. Finally, the CCFs are calculated by dividing the 1983
weighted costs in the host countries by that in the United
States. These factors are given in column 5 of the table. As
with labor cost data materials costs in foreign locations are
taken from data sources that may represent only a few cities in
the country of interest. These costs may be expected to be
higher in locations far from major industrial centers, particu-
larly in Third World countries. Again, site-specific costs
should be used if available.

The factors in column 5 are used for translating materials costs
from the United States base-case plant location to locations
abroad. United States materials costs, which are obtained from
appropriate cost curves provided in earlier sections of this
handbook, are multiplied by the appropriate CCF located in
column 5. The result is the estimated cost of materials in the
country of interest. Because several of the materials used in
this index (e.g., steel rebar) are internationally traded, the
user may wonder why there is so much wvariability in the esti-
mated CCFs. It is important to note that these are "heavy" in
relation to unit value, and thus transportation costs can con-
tribute significant variability to these costs. Also important
are various tariff and non-tariff trade barriers that affect
prices. Additionally, sand and gravel are usually locally pro-
duced and cost differences can arise as a result of 1local
availability, transportation costs and other factors. Finally,
exchange rates affect the relative prices (when expressed in
United States dollars). There are, of course, market forces at
work acting to produce an equilibrium among the exchange rates
of the countries of the world. Nonetheless, governments control
exchange rates (in the short term at least) and these policies
can lead to distortions in relative factor prices. Chile, for
example, maintained an official exchange rate of 39 pesos per
United States dollar in 1980, 1981, and the first quarter of
1982, even though most economists believed the peso was over-
valued for part of this time period. Indeed, the rate increased
to 73.4 pesos per United States dollar by the last quarter of
1982. Exchange rate fluctuations can substantially alter rela-
tive prices.

4/As with construction wages, Phoenix Associates do not maintain construc-
tion materials cost indices for the United States. United States weighted
costs were advanced on the basis of Engineeripg News Record data for June
1983.
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For these reasons, relative prices for the same commodity in
different countries can vary substantially at a point in time.

To illustrate the use of these factors, assume that the esti-
mated material costs at the United States plant are $10 million,
and that this cost must be translated to Jamaica. From Table 9,
the appropriate cost factor for Jamaica is given as 1.31. Thus,
the estimated materials cost in Jamaica is 1.31 (10) or $13.1
million.

TRANSLATION OF EQUIPMENT PURCHASE COSTS

Equipment purchase refers to the equipment, such as crushers,
feeders, conveyors, pumps, etc., that is used in the actual
operation of the plant. For the purposes of this translation
methodelogy, it is assumed that most countries are able to pro-
duce part or all of their equipment needs. Only Ghana 1Is assum-
ed to import all of its equipment. Several other countries,
e.g., Guinea, Guyana, Ireland, Jamaica and Surinam are assumed
to import 90% or more of their equipment needs. It is also
assumed that the costs for any equipment produced in-country are
approximately equal to those if purchased in the United States.
For example, Venezuela is estimated to produce about 40% of its
equipment needs domestically and thus the cost of this equipment
is approximately equal to the cost of the same equipment pro-
duced elsewhere. However, the remaining 60% of equipment--i.e.,
imported equipment--may be more expensive than that in the
United States due to added costs incurred in transportation and
payment of any applicable import duties. 1In sum, costs of
equipment produced domestically are assumed equal; however, dif-
ferences in equipment purchase costs-which are reflected in the
foreign equipment cost factors--arise as a result of the need to
import part or all of the equipment needed and, in addition, the
import duties that are assessed upon these imports.

Table 10 provides necessary data for calculating equipment cost
factors for all of the market economy countries presently hous-
ing an alumina facility. Column 1 lists all of the relevant
countries., Columns 2 and 3 provide estimates of the percentage
of a country's equipment needs that can be produced in-country
and, derivatively which must be imported from abroad. Columns
4-6 show the cost of transportation as a percent of equipment
cost. As illustrated, transportation costs are broken down into
3 categories: cost of transportation within the exporting coun-
try, i.e., the cost of moving equipment from the factory or
warehouse to a port facility; the cost of ocean freight; and the
within-country cost, i.e., the cost of moving equipment from one
location to another or, in the case of an importing country, the
cost of moving the equipment from the receiving port to some
inland location. Based on historical experience, percentages of
6%, 15%, and 6%, respectively, were selected. Within-country
transportation costs are incurred by all countries while

-122-



60°1 2l g Gt g 74 SL efAeTsOdN)

9 Gl 9 09 oh eTaNZuU3p
00°i - g - - ] oot Auewaapn 3s0M
00°¢ - 9 - - o 00i Saj3e3s pa3Tun
00°1 - 9 - - 0 ool wop3uty pajTun
ceci S 9 -] 9 08 0oc Aaxang,
c0°i - 9 Gt 9 ol 06 uemte]
ge-t £ 9 Qi 9 1) g weutang
9i°i Si 9 Si 9 Ot 09 utedg
co°i - 9 Gl 9 oL 06 Kemnaoy
00°L = 9 - - 0 0ot uedep

9 6l 9 06 ot eoyEWEp
g0t - 9 Si 9 i S8 L1eax
0c°i - 9 Gl 9 S6 g pueTaJy
ic°t ] 9 Si 9 ot oL eypur
621 8 g Si 9 G6 B , euefng
92°i g 9 i 9 S6 S e2UTNY
hici S g Gi 9 0S 0S 80d3dpy |

9 ai g 00t 0 eueyp o
00°4 - 9 - - o 001 eoueay !
00°i - g - - 0 ool epeue)
6L°1L G 9 Gi 9 5¢ Sl . 1128494
L0°t oi S 6l 9 0c 08 ejealsny

00°1="S°n JusdJed Juadaad Jusodad juedasd audodad quadaad Xaquno)y
‘a0q08] ‘£anp quaodmy § Ka3unod ‘qyBrouay ¢ faj3unod fpaqaoduy ¢ £aqunod-ug
UOTSJAU0] Jo 9jed -UTUYITM uead qa0dxg quamdynby paonpoud
ayqeoyiddy £3600 uojjejI0dBUBS] quamdynby

§10308) 3600 jJuamdinbe Buyjefnored Joj ejep JUIT(ES - “0I FIEVL




transportation costs within an exporting c¢ountry and ocean
freight costs are incurred only by countries that import part or
all of their equipment needs.

Column 7 provides applicable rates of import duties on equipment
used in alumina refineries. As with export country transporta-
tion costs and ocean freight costs, import duties are applied
only to the countries that import equipment. Countries that im-
port only a share of their equipment needs incur transportation
and import duty costs only on that share that is imported. Some
countries, e.g., Canada, France, Japan, United Kingdom, United
States and West Germany, are assumed to be totally self-suffi-
cient in equipment and thus incur no additional costs other than
within-country transportation costs.

Handbook users should be aware that import duty concessions can
sometimes be individually negotiated with host governments of
development mnations--particularly if the proposed facility is
estimated to make a substantial contribution to the local econ-
omy. These situations obviously cannot be reflected in the
factors given here, but should be considered in any site-speci-
fic analysis. '

Equipment costs for the United States base case plant--obtained
from appropriate cost curves--do not reflect within-country
transportation costs, and therefore these must be adjusted by
multiplying by a factor of 1.06, indicating a within-country
transportation cost equal to 6% of equipment costs. Since it is
assumed that equipment costs produced within-country are equal
and that within-country transportation costs are also equal
(i.e., 6%), countries that produce all of their equipment domes-
tically have cost factors of 1. These are shown in column 8,
Factors for other countries are alsc shown in column 8. All of
the factors are calculated on the assumption that United States
equipment costs have been adjusted te reflect within country
transportation costs. :

To translate equipment costs to foreign locations, the user of
the handbook should first obtain the cost associated with the
United States base case plant--obtained from appropriate cost
curves., Next the United States cost should be adjusted to re-
flect within-country transportation costs, i.e., by multiplying
it by a factor of 1.06. , Finally, the appropriate country factor
listed in column 8 of Table 10 is multiplied by this transpor-
tation-adjusted cost. The net result is the equipment cost,
including, where relevant, export country transportation costs,
ocean freight costs, within-country transportation costs, and
import duty costs, in the foreign country of interest.
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3.5.4. TRANSLATION OF EQUIPMENT USAGE COSTS

As noted above, the following cost categories are of substan-
tially lesser importance in terms of their contribution to total
costs. These include equipment usage costs, indirect costs and
"other" costs.

Equipment usage refers to construction equipment (e.g., bull-
dozers, cranes, trucks, etc.) that is purchased or rented at the
construction site and utilized only during the construction
phase of the facility. For a typical alumina plant constructed
in the United States, these costs account for only about 8% of
total capital costs. Thus precise estimation of this cost ele-
ment is not critical to the overall accuracy of estimates. If,
for example, this cost estimate were in error by 50%, the over-
all cost estimate would be in error by only 4.0%.

There is little reliable information on which to base CCFs for
this cost element. The recommended CCFs for all countries is
unity, though obviously if the handbook user has specific data
available, these should be used in lieu of the default CCFs sug-
gested here.

Some earlier studies of construction costs have wventured the
following assumptions for computation of these CCFs:

(a) To a first approximation, equipment rental rates are roughly
constant throughout the world.

(b) But, construction labor productivity is lower in most coun-
tries compared to the United States, as shown, for example,
in column 8 of Table 8,

(c¢) Thus, the appropriate CCFs are in fact the labor producti-
vity factor in country "X" were 2.0, the CCF would also be
2.0 because the equipment would have to be rented for twice
the time.

Ultimately this approach was rejected here--in part because pro-
ductivity differences, while real, do not translate directly
into operating time differences in the manner suggested in (¢)
above. Rather, productivity differences can be reflected in
differences in crew size with less than proportional time
stretch-outs. Secondly, the mix of construction equipment used
in another country may not match exactly that used in the United
States (indeed, this accounts in part for productivity differen-
ces)-and, in fact, may be less costly to rent in other coun-
tries.

3.5.5. TRANSLATION OF INDIRECT COSTS
As defined in other sections of this handbook, indirect costs

refer to costs incurred in contractors field indirects, con-
struction management and engineering, supervision and procure-
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ment. An analysis of these types of costs indicates cost to be
related to the composition of management, design and the engi-
neering services staff, in terms of expatriate and local labor.

Based on analyses of current practice and expected future devel-
opments, the size of managerial, design and ES&P staff made up
of expatriate labor is diminishing. The greatest contributing
factor in this, clearly, has been the emergence of indigenous
engineering firms with considerable skill and expertise, especi-
ally in regard to non-process type work, in countries that have
previously been dependent upon expatriates from firms in the
United States, Japan and Europe. Foreign firms that once provi-
ded managerial and technological expertise on a broad scale and
for various skill levels are now required to provide the needed
know-how for only a few of the key-discipline positions. The
remaining positions are (and increasingly will be) filled by
local talent and resources. As a result, the percentage share
of managerial, design, ES&P staff made up of expatriates is (and

will be) smaller than that which has historically been evident.
" The percentage share of expatriates given in Table 11 represents
the most likely estimates based on this more recent analysis.
In general, when management and ES&P personnel are provided from
local resources, indirect costs are low, but when it consists in
large part of expatriates then costs are high--conceivably
higher than for the same job in a developed country(l2). Costs
are especially high when personnel have to travel to and from
the plant site. :

Table 11 provides estimated conversion factors for indirect

costs associated with an alumina refinery. The factors are
derived by estimating the share of expatriate and local labor
employed in management and ES&P activities. Expatriates are

assumed to earn wages and salaries equal to those earned by
management and ES&P persconmnel in the United States. To account
for wage premiums, housing expenses, transportation costs, and
daily living expenses, expatriate labor costs are adjusted by
40%, This percentage reflects historical experience. Costs for
local managers and ES&P personnel are calculated on the assump-
tion that the ratio of salaries and wages between local and
United States management and ES&P personnel (as well as produc-
tivity ratios) are the same as those between local construction
workers and those in the United States.

To translate indirect costs from the United States base case
plant, appropriate country conversion factors must be applied.
Multiplication of the United States cost by the appropriate
factor (column 6) results in an estimate of indirect costs in
the foreign country of interest. An examination of column 6
indicates that indirect costs in most countries are less than
the indirect costs in the United States. This is due largely to
the difference in relative pay scales between managers and ES&P
personnel in foreign countries and those in the United States.
Since expatriates make up only a small share of managerial,
design and ES&P labor--with the highest estimate being 30% in
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3.5.6.

Ghana, Guinea and Jamaica--the additional costs incurred in
employing expatriates are not so large as to increase total in-
direct costs beyond those incurred in the United States.

TRANSLATION OF "OTHER" COSTS

The final category in the summation of costs is referred to as
"other costs" and includes the elements of owners costs, cost of
spare parts, startup expenses, and miscellaneous costs. A pre-
liminary analysis of startup expenses failed to show country
specific variability. It is, therefore, suggested that costs be
translated on a 1:1 basis. More important than the specific
startup costs, however, is the loss of plant output occasioned
by low-capacity utilization during the startup phase, Shown
below are the estimated average capacity utilization at non-
ferrous smelters during the first four years following startup.

% Capacity
Year Utilization
1 38
2 62
3 76
4 85

It is recommended that these throughput factors be used to re-
flect average startup experience. Costs calculated on a cents
per pound of metal basis will reflect these low initial rates of
capacity utilization, and may be materially higher than costs
calculated on the assumption of 100% utilization of capacity.

Startup cost estimates (included in “other™ costs) relate to
planned out-of-pocket costs for engineering personnel, materi-

als, etc. These costs, however, do mnot consider the costs
attributable to delays in reaching design capacity. Delays and
reduced capacity output are costly for two reasons. First,

delays directly reduce the present value of projected revenue
streams associated with the scale of finished product. Second,
operation at reduced capacity increases costs because fixed
costs of operation are spread over a smaller output base. This
latter effect is explored below,

Following the usual conventions, the total cost of production,
TC, is represented as the sum of fixed costs, denoted by the
symbol, FC, and variable costs defined below,

TC = FC + vCf (L

where TC = total annual cost ($),
FC = annual fixed costs (§),
v = variable unit costs (§/unit),
C = annual capacity (units/year), and
f = fractional capacity utilization
(0 £ <1.0).
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Now, let

FC
Y - o (2)

equal the ratio of fixed costs to variable costs at full capa-
city utilization. Since smelting and refining are widely re-
garded as having large fixed costs in relation to wvariable
costs, ¥ would be expected to exceed unity (¥ > 1).

From (1) and (2) the average cost of production per unit, AC, is
given by,

AC-M%fi , -v(%+1),
(3)

and this is an increasing function of unit cost, the ratio of
fixed to variable costs, and a decreasing function of capacity
utilization. Thus, to the extent that capacity utilization is
lower in the years immediately following startup, unit costs of
production will be larger. This increase should legitimately be
viewed as an added component of startup costs.

The average unit costs at "startup levels" of capacity utiliza-
tion, f, relative to what it would be at design output (f = 1.0)
is (from equation (3)),

R = (Y/£ + 13
Y +1) (4)

where R is the relative unit cost ratio. For example, if ¥ = 4
and the startup level of capacity utilization is 50%, R = 1.80.
Figure 6 shows a three dimensional view of how R varies with %
capacity and Y,

Note that, except where f = 1.0 exactly, the relative unit cost
ratio decreases with capacity utilization and increases with V.
Moreover, as can be seen from Figure 6, the cost penalties of
low startup capacity utilization lewvels can be substantial. The
variable ranges displayed in Figure € are realistic, As was
nioted above levels of capacity utilization in the first year of
operation average only about 40% for nonferrous smelters. Even
with values of ¥ as low as 2 to 3, the relative unit cost penal-
ty can be of the order of a factor of 2 to 2.13. This differ-
ence becomes smaller as the facility's capacity utilization rate
increases with operating experience.

TRANSTATION OF TOTAL PLANT COSTS
In Sections 3.5.1 through 3.5.6 foreign country cost factors are
provided for 6 major categories of costs enabling the handbook

user to translate the costs of a particular United States plant
to various worldwide locations. An alternative and simpler
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approach--which would facilitate the translation process--is to
aggregate the cost factors for each of the 6 categories above
into what is called a total plant factor. The application of
total plant factors, however, assumes that all of the decision
variables utilized in the construction of the United States
base-case plant are held copnstant at the foreign location, and
should not be used if the foreign plant is not identical to the
United States base-case. The application of total plant fac-
tors, nonetheless, does have the advantage of providing a sim-
pler means to translate costs. It may be suitable for an ini-
tial approximation to be followed up by a more disaggregated
analysis in cases where the plant configuration differs from the
"base-case" plant.

Total plant £factors can be calculated on the basis of the
equation,

n

F. = I f k.

j jup 1 1
where,
F, = the total plant factor in country j,
fi = the country factor for a cost category i, and
ki = the percentage share of category i in relation to the total

plant costs.

Based on details worked out for the United States base-case
plant, with an annual capacity of 600,000 mt, utilizing Bayer
technology including all refining steps and environmental equip-
ment and excluding miscellaneous costs percentage shares of the
major cost categories are as follows:
o construction labor - 23%;

o construction materials - 23%;

o equipment purchased (including transportation and duties) -
29%;

0 equipment usage - 8%;

0 indirect costs - 8%; and

o other costs - 9%.

On the basis of these percentage shares, total plant factors can
be calculated for all the countries included in the analysis.

These factors are given in Table 12.

In broad terms, all of the factors given in Table 12, with the
exception of Canada, are less than unity indicating capital
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costs at foreign locations to be less than those in the United
States, Canada, at 1.05, has the largest cost multiplier,
largely because of high labor and material costs. Yugoslavia,
on the other hand, has the lowest overall cost factor, 0.64,
because of low 1labor and material (particularly structural
steel) costs,

An examination of the total plant factors given in Table 12
indicates capital costs in some countries to be unusually low
relative to similar costs in the United States, Costs in some
of the European countries, e.g., Belgium, France, Spain, Sweden,
United Kingdom and West Germany, where costs should be expected
to approximate more closely United States costs, are especially
noteworthy. One of the reasons for these "lower-than-expected"
costs is the strength of the United States dollar in recent
years. To illustrate, in 1979 the United States dollar was the
equivalent of 0.69 European currency units (ECUs) while in 1983
the United States dollar was worth 1.21 ECUs. Even after ad-
justments for different rates of inflation in Europe and the
United States--as is achieved via measuring "purchasing power
parity”-the United States dollar has appreciated vis-a-vis most
other European currencies. Similarly, the dollar has become
stronger in other foreign markets as well. The final result of
a strong United States dollar has been to reduce capital costs
at most foreign locations relative to capital costs in the
United States. To illustrate, capital costs in Norway in 1980
were estimated to be 100% of capital costs in the United States
but in 1983 were estimated at only 88%. Additionally, capital
costs in West Germany in 1980 were estimated at 96% of United
States cost but only 82% of United States costs in 1983.

Table 13 provides total plant factors for 1980--the first full
year in which the United States dollar began to appreciate vis-
a-vis other currencies. It is included in this analysis partly
to illustrate the impact of a strong United States dollar on
capital costs in the 1980-1983 time period. When the dollar
loses its strength, as most economists believe it will in time,
the cost factors given in Table 13 (rather than those in Table
12) should serve as better indicators of relative capital
costs.

Finally, the handbook user is again reminded that site-specific
costs and factors should always be considered when making cost
estimates. The relative cost data given here represent national
averages (individual cities for some of the material CCFs), and
intra-country cost variability can be substantial. This is par-
ticularly important when considering investments in remote areas
of developing countries. These areas often lack essential in-
frastructure (roads, electric power, etc.) which can increase
costs substantially. Mineral plants may alsc have to construct
and maintain worker communities in remote sparsely-populated
area. By some estimates these additional costs could add 25% or
more to capital costs, particularly if electric power is not
available.
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4, OPERATING COSTS CALCULATION

The cost curves and formulae presented for unit process area and general
facility operating costs in Section 4.1 and 4.2 provide the cost data
required to assemble the operating costs for a facility located in the
United States. The steps required are similar to that for development
of capital costs.

Table 14 is provided with this section to facilitate organization of
costs and for reference to a particular costing section. The costs may
be summed for total direct costs to which are added the indirect expens-
es of general facility costs,

Section 4.5 provides the procedure for adjusting the United States costs
to other locations.

Section 4.1.5 provides operating costs for other technology and proces-
ses which may be substituted or added to the refining method used as a
base for this costing system.

Unit processes used to produce alumina from bauxite are generally uni-
form throughout the industry. There are differences from plant to plant
but these are minor compared to those in the non-ferrous metals industry
in general. Operating costs are influenced more by costs for 1labor,
fuel, caustic soda, etc., than by process differences. The only process
difference of significance is related to the mineralogical characteris-
tics of the bauxite feed. Traditionally, American plants have treated
bauxites that contain the alumina trihydrate gibbsite as the main con-
stituent. Gibbsite leaches relatively rapidly at moderate temperatures
(typically about 130 degrees Celsius) and pressures. European bauxites
contain mostly monohydrate boehmite and/or diaspore requiring much high-
er temperatures (typically 230 degrees Celsius) and pressures.

In recent years the trend has been toward the high temperature process
which allows treatment of mixed ores rather than being dependent on in-
creasingly scarce trihydrate bauxite as feed material. The monohydrate.
process 1is more expensive to operate than the trihydrate process. The
difference is in energy consumption (both steam and electric power),
caustic soda consumption (more silica is dissolved at higher tempera-
tures) and in maintenance (high-pressure pumps, seals, more equipment).
As far as operating costs are concerned, virtually the only area affec-
ted is the digestion area with its associated heat-up and cool-down sec-
tions. In the following sections separate estimates are provided for
monohydrate and trihydrate processing.

4.1. REFINING UNIT PROCESS COSTS
Included in this section are the information, equations and graphic

representations that allow the user to calculate operating costs for
unit processes.
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TABLE 14
OPERATING COST SUMMARY
ALUMINA REFINERY FACILITY

DATA
Location

Capacity:

Alumina (mtpy)

Bawxite (mtpy) 7% ALIMINA
Recovery % ALUMINA

Country Cost Factors

Energy

Total

Unit Process Description Section Labor Supplies
REFINING

BAUXITE SLURRY PREP/DIGEST 4.1.1

High Temperature belolal

Low Temperature belole2

CLARIFICATTON/FILTRATION bolo2

HEAT EXCGHANGE/PRECIPITATE  4.1.3

and CLASSTFTICATION

CALCINATION/ALIMINA. STG. bolok

Subtotal

GENERAL/ADMINISTRATIVE
GENFRAL PLANT

POWER SUPPLY SYSTEM

4

4
MATERTAL HANDLING ba
ADMINISTRATIVE SERVICES 4

Supervision

Subtotal

ENVIRONMENTAL 403

TOTAL OPERATING COSTS
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4.1.1, BAUXITE SLURRY PREPARATION AND DIGESTION - MONOHYDRATE PROCESS

This area includes bauxite receiving, storage and reclaim,
grinding and classification, and digestion with its liquor heat-
ing and slurry cooling system. The digestion temperature Iis
assumed to be 230 degrees Celsius. Operating and maintenance
labor manning requirements for those different plant sizes are
as follows:

Metric Tons Alumina Produced Year

Manpower 600,000 1,000,000 2,000 000
Operating Labor 46 52 62
Maintenance Labor 72 105 177

The supplies costs are divided as follows:

Maintenance Supplies 16%
Industrial Chemicals 83%
Miscellaneous 1%

The energy costs are divided into the following type of energy:

Steanm 79%
Electric Power 21s

The regression equations for the annual costs are:

Labor: Annual Cost = 1,73O(X)0“587

Supplies:  Annual Cost = 70.85(X)0°960

Energy: Annual Cost = 140.,0()()0'890
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4,1.1.1.

TRIHYDRATE PROCESS

The operating temperature for the trihydrate process 1is assum-
ed to be 130 degrees Celsius. Because of lower temperatures
and pressures, maintenance costs as well as supplies and
energy costs are lower than for the monohydrate process.
Total direct operating costs are about 30% lower than for the

same area in the monohydrate plant. Manning levels are as
follows:

Metric Tons Alumina Produced Per Year
Manpower 600,000 1,000,000 2,000,000
Operating Labor 42 48 57
Maintenance Labor 53 76 123

The supplies costs are divided as follows:

Maintenance Supplies 18%
Industrial Chemicals 80%
Miscellaneous 2%

The energy costs are divided into the following types of
energy:

Steanm 83s%
Electric Power 17%

The regression equation for annual operating costs are:

Labor : Annual Cost = 2,955(x)° 21
Supplies:  Annual Cost = 54.54(X)0'946
Energy: Annual Cost = 113.O(X)0°890
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4.1.2,

CLARIFICATION AND MUD WASHING, FILTRATION
This area includes clarification and mud washing, lime slaking,
red mud filtration and disposal, filter aids and acid handling.

Manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600,000 1,000,000 2,000,000
Operating Labor 32 36 43
Maintenance Labor 23 34 57

The supplies costs are divided as follows:

Maintenance Supplies 32%
Industrial Chemicals 68%

The energy costs are divided into the following type of energy:
Electric Power 100%

The regression equations for annual operating cost components as
follows:

Labor: Annual Cost = 2,662(X)0”498
Supplies: Annual Cost = 330.0(}{.)0'717
Energy: Annual Cost = a,OOOCX)O'EQO
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4.1.3,

HEAT EXCHANGE, PRECIPITATION AND HYDRATE CLASSIFICATION

This area includes heat exchange, hydrate precipitation and
classification and evaporation. Manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600,000 1.000.000 2.000.000
Operating Labor 32 36 43
Maintenance Labor 33 48 81

The supplies costs are divided as follows;

Maintenance Supplies 71%
Miscellaneous 29%

The energy costs are divided into the following types of energy:

Steam 64%
Electric Power 36%

The regression equations for annual operating cost components
are as follows:

Labor: Annual Cost = 1,836(X)0°538
Supplies Annual Cost = 16801(X)0°733
Enexrgy: Annual Cost = 31,.,53(X)0°890

-142-



100

80
s k LABOR = 1,836(x) -8
SUPPLIES = 168.1(x)""733
40+ ENERGY = 31.53(x)° 8?0
500,000 < X < 2,000,000
20

10
d

ANNUAL OPERATING COSTS § X 106

6 7 }&9"

4 4B
gvetd
e
rd

2

1

100 200 400 600 8001,000 2,000 4,000 6,000

METRIC TONS PER YEAR OF ALUMINA X 103

4.1.3. HEAT EXCHANGE, PRECIPITATION AND HYDRATE CLASSIFICATION

SCALE—LOGARITHMIC
L ~H3-



4.1.4,

CALCINATION AND ALUMINA STORAGE

This area includes hydrate filtration, calcination and alumina
storage and reclaim. The manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600,000 1,000,000 2,000,000
Operating Labor 32 36 43
Maintenance Labor 52 76 128

The supplies costs are divided as follows:

Maintenance Supplies 92%
Miscellaneous 8%

The energy costs are divided into the following types of energy:

Fuel 0il 94%
Electric Power 6%

The regression equations for the components of amnual operating
costs are:

Labor: Annual Cost = 1,163(X)0°592
Supplies: Annual Cost = 176.0(X)0'745
Energy: Annual Cost = 61.74((}{)0'890
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£.2.

GENERAL FACILITY COSTS -

The General Facilities include General Plant, Power and Steam Sup-
ply, Port Facilities and Administration Services. All costs tabu-
lated for these areas should be added to the direct costs obtained
for the plant operating costs with the exception of the costs for
Power and Steam supply. These costs have already been allocated to

" the operating areas.

All operating and maintenance supervisors are included with the
administrative personnel under Administration Services.

4,2.1. GENERAL PLANT

This area includes yard maintenance, primary water, fuel oil and
diesel fuel distribution, service buildings and sanitation sy-
stem. The manning levels are as follows:

Metrie Tons Alumina Produced Per Year

Manpower 600,000 1,000,000 2,000,000
Operating Labor 46 52 62
Maintenance Labor 7 10 17

The supplies costs are divided as follows:

Maintenance Supplies 81%
Miscellaneous 19%

The energy costs are divided into the following types of energy:

Fuel 0il 1%
Electric Power 99%

The regression equations for annual costs are:

Labor: Annual Cost = 23,,080(){)0“332
Supplies: Annual Cost = 43.86(X)0°708
Energy: Annual Cost = 3.39(X)0'817
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4.2.2.

POWER SUPPLY SYSTEM

A boiler fired with No. 6 Fuel 0il is assumed to produce high
pressure steam .that runs back-pressure turbines. The turbines
run generators producing 40 MW power for the intermediate size
plant and the turbine exhaust steam is utilized for the process.
Manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600,000 1,000,000 2,000,000
Operating Labor 18 2L 23
Maintenance Labor 14 21 35

The supplies costs are divided as follows:

Maintenance Supplies 84%
Miscellaneous 16%

The energy costs are divided into the following types of energy:

Fuel 0il 99%
Electric Power 1%

The regression equations for annual costs are:

Labor:  Annual Cost - 1,127(%)°°%2
Supplies: Annual Cost = 49.2&(X)0”750
0.890

Energy: Annual Cost = 172.9(X)

Please note that these costs should not be added to the oper-
ating costs, They have already been accounted for by the price
of steam and electricity used in the operation.
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4.2.3. MATERIALS HANDLING
The Port Facilities are designed to handle incoming raw materi-
als such as bauxite, fuel and caustic soda, as well as alumina

product. Manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600,000 1,000,000 2,000,000
Operating Labor 14 16 19
Maintenance Labor 12 16 23

The supplies costs are divided as follows:

Maintenance Supplies 99%
Miscellaneous 1%

The energy costs are divided into the following types of energy:

Fuel 0il 13%
Electric Power 87%

The regression equations for the annual costs are:

Labor: Annual Cost = 4,732(X)0"399
Supplies: Annual Cost = 516,3(X)0"554
Energy: Annual Cost = 0.352(}{)0'880
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4.2.4,

ADMINISTRATIVE SERVICES

This section includes all office expenses. Included under sup-
plies are items such as insurance, property taxes, telephone
costs and rental, and maintenance of office equipment. A fourth
category of costs has been added under the heading of Plant
Supervision. This inecludes all plant operating and maintenance
supervision with the exception of the supervision in the power
plant because these costs have been incorporated in the electri-
city and steam charges, Manning levels are as follows:

Metric Tons Alumina Produced Per Year

Manpower 600, 000 1.000,000 2,000,000
Office 61 68 78
Maintenance Labor 2 2 3
Plant Operating Supervision 35 41 49
Plant Maintenance Supervision 44 63 104

The supplies costs are divided as follows:

Maintenance 1%
Taxes, Insurance and Misc. 99%

The enexrgy costs are divided into the following types of energy:

Fuel 0il 66%
Electric Power 34%

The regression equations for the various cost components are:

Office and 0.208
Maintenance Labor: Annual Cost = 164,800(X)
Supplies: Annual Cost = 605.0(){)0'718
Energy: Annual Cost = 12.82(){)0'766
Plant Supervision: Annual Cost = 2,1287(){)0"549
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4.3.

ENVIRONMENTAL CONTROL SYSTEMS OPERATING COSTS
The environmental control systems that are required for an alumina
refinery are associated mainly with direct control at material hand-
ling transfer points. Fabric filler dust collectors sized for the
1,000,000 mtpy facility and described in Section 3.3 are sgized as
follows:

TABLE 15

REFINTING

ENVIRONMENTAL CONTROL SYSTEMS

Number Power
Areg Required Flow Reguired
Bauxite Slurry 6 8,400 my/hr 7.5 KW ea
Preparation 7 4,700 m3/h: 5.5 KW ea
3 16,500 m” /hr 15 KW ea
Alumina Handling and 2 46,000 mg/hr 75 KW ea
Storage 4 6,000 m3/hr 7 KW ea
2 5,700 m3/hr 3 KW ea
2 3,000 m3/hr 5.5 KW ea
1 1,700 m™ /hr 1.5 KW ea
Starch Facility 2 1,700 m3/hr 1.6 KW ea

The supplies costs are divided as follows:

Maintenance 71%
Filter Bags, etc. 29%

The energy costs are divided into the following types of energy:
Electric Power 100%

The regression equations for the operating costs of the above units
are:

Laber: Annual Cost = 183,530(X)0"075
Supplies: Annual Cost = 8,820.7(}{)0“237
0.772

Energy Annual Cost = 6.77(X)

In addition to the refining area environmental control systems, the
general facilities include environmental systems consisting of elec-
trostatic precipitators for collecting ash from the power plant
boiler offgas.
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4.4,

FIXED AND VARIABLE COSTIS

Associated with each unit process area are costs that are influenced
by reduced rates of production from the design capacity rate. Cer-
tain costs vary directly with the production rate while others vary
slightly. This section attempts to fix this wvariation by unit pro-
cess so that adjustments can be made to the operating costs devel-
oped in Section 4. The following table provides the means for cost
adjustment to each unit process for changes in production. The
turndown is by a reduction in plant continuing throughput when
possible, ’

All process units are reduced in capacity by turndown rather than a
reduction in shift operation. A reduction in shift operations or
periodic curtailment may achieve a reduction in operating labor but
an increase in maintenance labor and supplies. As a result of this
operating philosophy, most of the general plant facilities are also
reduced in capacity by means of turndown. Exceptions are the
materials handling area where costs are directly related to the
quantity of materials handled. The administration and services
costs are constant regardless of capacicy.
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TRANSLATION OF OPERATING COST METHODOLOGY

The basic method used for estimating operating costs for post-mill
processing facilities in foreign locations, given cost estimates for
an equivalent United States facility, parallels exactly the proce-
dures discussed in Section 3.5 for capital cost translation using
cost conversion factors (CCFs). The CCF is defined as the ratio of
the cost (expressed in $US) in the country of interest to that in
the United States. Thus, for example, if the CFF were numerically
equal to 1.2 and the estimated United States costs were $80 million
the estimated cost (in $US) of the foreign facility would be 1.2(00)
or $96 million. :

As was done for capital costs, operating costs are subdivided into
several cost categories and separate CCFs are provided for costs in
each of these categories. TFor the purpose of this study, the fol-
lowing major component cost categories have been designated: (1)
alumina refining costs, (2) general facility costs and (3) environ-
mental control systems costs. CCFs for these categories are calcu-
lated as the ratio of the estimated cost in the host country (con-
verted to United States dollar terms) te that in the United States.
Since foreign location costs are being compared to costs in the
United States, cost factors for the latter are unity by definition,

Elements of the major cost categories and their respective percen-
tage of the costs of a typical United States facility are:

(a) Alumina refining costs (84% of total) - included are costs of
hourly operating and maintenance labor (herein referred to as
simply operating labor), i.e., including wages and burden;
energy and supplies incurred in direct process operations
(e.g., Dbauxite storage, grinding, digestion, desilication,

caustic handling, clarification, precipitation and calcina-
tion). Each component of refining costs is further discussed
below,

o Operating labor - factors compare wage rates in foreign
countries with those in the United States. CCFs also re-
flect differing levels of labor productivicy.

o Energy - included are costs of No. 6 and No. 2 fuel oil
with the former accounting for more than 99% of the energy
cost.

Note: Electric power costs are not listed as a separate
energy cost item because the electric power utilized is
self-generated at the plant by either burning No. 6 (heavy)
fuel o0il or coal. However, insofar as the United States
base-case plant it is assumed to burn fuel oil only (costs
are excluded from the derivation of energy cost factors).

o Supplies - operating supplies for alumina refining generally

consist of caustic soda, flocculants, lime, hydrochloric
acid and sulfuric acid.
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4.5

(b)

(e)

1.

General facility costs (16% of total) - included are the costs
of hourly operating (and maintenance) labor, plus salaried
supervisory labor; energy and supplies incurred in the oper-
ation and maintenance of pgeneral support facilities, e.g.,
warehouses, laboratories, maintenance shops, change houses and
lunchrooms, etc. Also included are general and administrative
costs.

Environmental control systems costs (-% of total) - included
here are the costs of operating labor, energy and supplies in-
curred in the operation and maintenance of environmental con-
trel equipment.

The methodology described below enables the handbook user to
translate estimated United States costs to foreign locations.
Numerical cost factors are provided in the following sections
of methodology discussion.

TRANSLATION OF REFINING COSTS

Alumina refining costs comprise three component cost elements:
direct operating labor, energy and supplies. The methodology
and appropriate cost factors for translating each to foreign
locations are provided below.

4,5.1.1. TRANSLATION OF DIRECT OPERATING LABOR COSTS

Direct labor costs for the United States base-case facility
include wages paid to workers and burden figured at 56.8% of
the basic wage rate. In common with the construction labor
cost analysis, burden in foreign countries iIs assumed to be
approximately equivalent (in percentage terms) to that in
the United States. Because of the assumption, differences
in labor costs between foreign countries and the United
States are the result of differing levels of wage rates and
productivity. Analysis indicates that countries with lower
wage rates also have lower productivity than their indus-
trialized counterparts. Thus, these countries do not enjoy
quite the labor cost advantage that their low wages would
indicate. Consider Venezuela as an example. Based on 1983
estimates, a Venezuelan laborer employed in the basic non-
ferrous metals processing industry earned a straight wage of
approximately $3.33 per hour (or $5.22 per hour after burden
adjustment). The corresponding United States worker earned a
basis wage of $9.51 per hour (§14.91 after burden adjust-
ments). Venezuela's operating wage rate was only 35.0% of
the same rate in the United States. However, when produc-
tivity differences are taken into account, the relative
labor costs in Venezuela increase to 50% of those in the
United States. This is because an alumina refining faci-
lity plant operated in Venezuela would employ more laborers
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than would a corresponding facility in the United States.
Analysis of data on worldwide alumina plant manning levels
lead to the following equation for prediction of the number
of employees:

Y, - 406.26 cap 0495  cypcap "0-296 (1)
where
Yi - predicted number of employees at facility
nim
CAPi = annual plant capacity (000 metric toms) of
facility "i", and
GNPCAP, = the Gross National Product per capita ($US)

of the host country where facility "i" is
located.

For example, using the above equation to predict the employ-

ment at Venezuela's Interalumina facility (CAP = 1,000 GNPCAP
= $4,140) results in an estimate of the work force of 1,055

enployees, which is within 20% of the actual reported work

force of 1,306 employees. Statistical analysis indicates

that approximately 68% of the predicted employment levels

are within a factor of from 0.72 to 1.38 of the reported

employment.

If this same facility were to be 1located in the United
States, an estimated 734 workers would be employed, lower by
a factor of 1.44, the relative productivity factor shown in
column 7 of Table 17. Thus, the effective labor cost is the
relative wage rate, 0.35 (column 4 of Table 17), multiplied
by the relative manpower required, 1.44 (columm 7 of Table
17) or .50, the CCF given above and shown in column 8 of
Table 17.

Table 17 provides the requisite CCFs needed to translate

operating labor costs toc locations abroad. Column 1 of this

table lists all of the market economy countries that house

(as of this writing) an alumina processing facility. Column

2 provides an estimated wage for refinery type workers in

these countries. Column 3 provides labor cost data adjusted

for burden. The adjustment for each case is 1.568, indicating
burden to be 56.8% of the direct wage. Uniform adjustments

for burden are made necessary by the lack of reliable coun-

try-specific information for all countries of interest.

Based upon data from a sample of the countries, it is

concluded that the error associated with this assumption is

less than 25%, Column 4 shows the ratio of "loaded" wages in
the host country to those in the United States.
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Columns 5 and 6 of the table provide Gross National Product
(GNP) per capita data and the ratio of GNP per capita be-
tween the host country and the United States, respectively.
The latter is important because it is used to calculate the
foreign productivity factors appearing in column 7. Column
8 contains the resulting labor CCFs (i.e., the product of
columns 4 and 7). These conversion factors wvary from a
minimum of 0,10 in India--indicating operating labor costs
in these two countries to be 10% of that in the United
States--and to a maximum of 1.00 in Norway where labor costs
equal those in the United States.

For translating operating labor costs--by far the largest
component cost category for United States plants--to foreign
locations, the user of the handbook is directed to column 8.
Multiplication of the operating labor cost associated with a
particular process at the United States base-case plant--
which is obtained from various cost curves presented in Sec-
tion 4.0 of the handbook--by the appropriate CCF listed in
column 8 results in an estimated cost of operating labor in
the country of interest. For example, if the operating
labor cost for a particular unit process at the United
States base-case plant is $5 million, then the same cost is
on $2.5 million in Venezuela (i.e., 5 x 0.5 = 2.5).

Operating labor costs for other processes and other coun-
tries are calculated using other process cost curves and
other country operating labor cost factors, respectively,
before being summed to a total.

£.5.1.2. TRANSLATION OF DIRECT OPERATING ENERGY COSTS

A comparison of international energy prices, particularly of

heavy fuel oil which accounts for 99% of the energy cost

results in the various foreign energy CCFs given in column 7

of Table 18. These factors are computed from a comparison

of heavy fuel oil prices and the assumption that different
plants around the world use the same amount of fuel as that

used in the base-case plant, i.e., 1,924,875 barrels.

The CCFs in column 4 of Table 18 are used for translating

energy costs from the United States base-case plant to loca-

tions abroad. United States energy costs, which are obtained
from appropriate cost curves in earlier sections of this

handbook, are multiplied by the appropriate CCF given in

column 4 of Table 18. The result is the estimated cost of

energy in the country of interest.

As an example, assume the estimated energy cost for the
bauxite slurry preparation and digestion process at the
United States plant process to be $10 million and that this
cost must be translated to India. From Table 18, the appro-
priate cost factor is 1.26. Thus, the estimated energy cost
in India (for the same process) is 1.26 (10) or $12.60

| million.
k e




TABLE 18. - Energy prices and conversion factors ~ 1983

(1) (2) (3) ()

Heavy Energy Energy cost
fuel 911,1 cost, Hpﬁ factor,
Country $U.S./barrel $U.S. U.S.29.00
Australia. 35.97 69 .24 1.22
Brazil 2“6“1 u6e99 0!83
Canada 37@6“2 T2.45 1.27
France 27-81 53.53 0.94
Ghana 16.93 32.59 6-57
Greece 26.09 56.22 0.88
Guinea 29.813 57.38 1.01
Guyana 295813 57.38 1.01
India 37038 71 595 1'026
Ireland 35.032 67.43 1.18
Italy 30.11 57.96 1.02
Jamalca 28.13 54.15 0.95
Japan 35.11 67.58 1.19
Norway 30.462 - 58.63 1.03
Spain 24.39 46.95% 0.82
Suriname 25:215 48.53 0.85
Taivan 31.228 60.09 1.06
Turkey 33.23 63.96 1.12
United Kingdom 28.75 5534 0.97
United States 29.57 56.92 1.00
West Germany ' 24.21 46.60 0.82
Yenezuela 1.78 .43 0.06
Yugoslavia 34.31 66.04 1¢16

1Data obtained from US Department of Energy, Energy Information
Administration, International Energy Annual 1983, unless otherwise noted.

2Data obtained from OECD, Energy Prices and Taxes, May 1983.

3Regional price for Africa based on average of Ethiopla, Ghana, Kehya.
Moroceo, South Africa, and Tunisia as cited in DOE, idem., abhove.

“1981 price obtained from World Bank, The Energy Transition in Developing
.Countries. .

SRegional price for South and Central America based on average of Argentina,
Brazil, Chile, Dominican Republic, Ecuador, Jamaica, Peru, and Uruguay as
cited in DOE, idem., above.

6Regional price based on average of Indonesia, Japan, Philippines, Singapore
and Thalland as cited in DOE, idem., above.

TCalculated on the assumption that 295,000 MT er 1,924,875 barrels of heavy
fuel oil--as in the US base case plant--are utilized.
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4.5.1.3,

MATERIAL

Caustic Soda

Lime

TRANSLATION OF DIRECT OPERATING SUPPLIES COSTS

Operating supplies utilized in direect unit operations--as
designated in the United States base-case plant--consist
primarily of caustic soda, lime, flocculants, hydrochloric
acid and sulfuric acid.

Approximately B53% of the total operating supply cost at the
United States base-case plant are accounted for by two items:
caustic soda and lime. Annual requirements, share of physi-
cal volume, United States costs and costs shares for the
United States plant are:

ANNUAL
WEIGHT Us MATERIAL COST
ANNUAL SHARE COST COST SHARE

REQUIREMENT (%) (8/1B8) ($000) (%)

(Metric Tons)

125,000 56.0 220 27,500 82.0
100,000 44.0 60 6,000 18.0
225,000 100.0 : 33,500 100.0

CCFs for operating supplies are calculated on the basis that

82% of the cost of supplies is attributable to caustic soda

and the remaining 18% iIs attributable to lime. To the extent
that price data for both elements are not generally available
for most of the countries that house alumina refineries,

prices for other goods (or group of goods)--which are used as
surrogates--are compared. In terms of caustic soda, export/-
import prices of goods falling under SITC classification

522.5, inorpanic bases, n.e.s., were compared and used to

calculate a CCF for caustic soda. In terms of lime, prices

of cement at different world locations were compared and used
to calculate a CCF for lime. The overall CCF for operating

supplies is the appropriately weighted average of caustic

soda and lime CCFs. These overall CCFs are given in column 4
of Table 19. '

To translate the cost of operating supplies associated with

the United States base-case plant, the procedure is simply to
multiply it by the CCF for the country to which the cost must
be translated. If the cost in the United States is $15

million and must be translated to France (with a CCF of

0.91) the cost in France will be $13.65 million (0.91 x 15

miliion).

As with some of the other cost elements, local price wvari-

ations can be substantial, and site-specific costs should be
used if available.
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TABLE 19. - Operating supply cost conversion factors

(1) (2) (3) (%)
Factor for Factoer for Overall supp%y
caustic soda.1 lime, cost factor,
Country U.S5.=21.00 U.S.=1.00 U.S.=1.00

Australia 1,00u 1.66 1,12
Brazil 0.98 0.64 0.92
Canada 1.10 1.36 1.15
France 0.96 0.68 0.91
Ghana 1,207 1.23 1,21
Greece G.78 0.60 0.75
Guinea 1. 20? 1.23 1,21
Guyana 0.95 1.28 1.01
India 1,20 0.84 1.14
Ireland 1.01 1.3% 1.07
Italy 1.06 1.22 1.09
Jamaica 0.95 1,28 1.01
Japan 0.84 1,00 0.87
Norway 0.91 1.17 0.96
Spain 1,03 0.63 0.96
Suriname o.asg 1.28 0.93
Taiwan 1.08 1.00 1,07
Turkey 1.05 0.40 0.93
United Kingdom .04 1.12 1.06
Dnited States 1.00 1.00 1.00
West Germany 0.99 0.95 0.98
Venezuela 0.85 1.08 0.89
Yugoslavia 1.19 0.l4g 1.06

1Factors calculated on the basis of import/export values of goods falling
under the SITC olasaifioation #522.5, under which caustic soda is included.

zFactors calculated on the basis of cement prices clted in Engineering News
Record in recent years.

3Weighted on the following basis: caustic soda 82% and lime 18%.

uNo data avajlable for calculation; figure giyen is assumed.

SFactor calculated on the basis of import datﬁ for Egypt, Morocgo and Tunisia.
6Factor calculated” for Jamaica used as a éurrogatee

7Factor calculated for Venezuela used as a surrogate.

BFactor calculated for South Korea used as a surrogate.
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4.5.2.

TRANSLATION OF GENERAL FACILITY COSTS

General facility costs include costs that cannot be -readily
allocated to unit operations. Included in this category are
labor, energy and supply costs incurred in the operation and
maintenance of various support facilities, e.g., warehouses,
maintenance shops, utility distribution facilities, laboratories,
changehouses, yards and roads, lunchrooms, etc. For more detail-
ed discussion of the elements included in general facility costs,
see Section 4.2.

To the extent that general facility costs are subdivided into the
three component categories of labor, energy and supplies--esti-
mated at 68.5%, 8.1% and 23.4%, respectively, of general facility
costs at the United States base-case plant--cost factors pre-
viously derived for these categories under the heading of re-
fining costs (see Section 4.5.1) can be used for translating
general facility costs to foreign locations. However, some
discussion is in order.

In terms of labor, general facility costs include wages and/or
salaries (plus fringes) paid to workers other than those involved
in direct unit operations, e.g., grounds keepers (responsible for
the upkeep of yards and roads), service personnel (servicing the
lunchroom, maintenance shop and change house), laboratory techni-
cians, operating and maintenance supervisory personnel, admini-
strative and "other" personnel, etc,

For translation purposes, the wages earned by general facility
laborers are assumed to bear the same relationships to equiva-
lent workers in the United States as do operating workers.
Thus, the labor conversion factors given in column 8 of Table
17 of Section 4.5.1 are recommended for use. To translate this
cost to a foreign location, say Brazil, for example, the user
of the handbook need only choose the appropriate factor given
in column 8 and multiply it by the United States cost. Accor-
ding to column 8, the appropriate factor for Brazil is 0.33.
Multiplication of this factor by the United States cost results
in the estimated cost of general facility labor in Brazil. If
translation of supervisory labor-only costs

In summary, the foreign operating labor CCFs presented in Table
17 are also used to translate general facility labor costs to
foreign locations.

In terms of energy, general facility energy costs are incurred,
largely, in the use of heavy fuel oil. If the amount utilized
is assumed constant at all locations, CCF's would then reflect
international price differences only. A comparison of heavy
fuel o0il prices at different world locations--as was also com-
pleted in the calculation of energy cost factors in the sectiom
on alumina refining costs--results in the CCFs previously given
in Table 18.
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For translation of general facility energy costs to foreign
locations, the handbook user is again directed to column 4 of
Table 18. Multiplication of the general facility energy cost
associated with the United States plant by the appropriate
country factor--as listed in column 4--results in the estimated
general facility energy cost in the country of interest.

If tramslation of general facility energy costs to Japan, for
example, were required, the handbook user would simply multiply
the United States cost, say $500,000, by the appropriate CCF for
Japan, i.e., 1.1%9. The result, §595,000, is the estimated
general facility energy cost in Japan.

In terms of general facility supplies, little or no data are
available on prices in foreign countries. Without the data
essential to make foreign comparisons, it becomes necessary to
assume constant general facility supply costs. Thus, the CCFs
needed for the translation of United States gemeral facility
supply costs are assumed to be unity for all countries. To the
extent that general facility supply costs account for but 3.7% of
total operating costs, the error introduced by this assumption
will not alter the final estimate of operating costs appreciably.
If, for example, general facility supply costs were in error by
as much as 50%, ceteris paribus, the overall operating cost esti-
mate would still be within 1.85% of the true value.

4.3.3. TRANSLATION OF ENVIRONMENTAL CONTROL SYSTEMS COSTS

Envirommental control systems costs, like refining costs,
Section 4.5.1, are broken down into the three component cate-
gories of labor, energy and supplies. Insofar as (1) operators
of environmental control equipment are likely to earn the same
or near equivalent wage as workers employed in direet unit
operations, (2) the types of energy employed are likely to be
the same, and (3) the supplies used are also likely to be the
same, the foreign cost factors developed for labor, energy and
supplies under the heading of refining costs can be used to
translate environmental control systems costs to foreign loca-
tions. Foreign cost factors for labor, energy and supplies are
provided in Sections 4,5.1.1, 4.5.1.2 and 4.5.1.3, respective-
ly. The user of the handbook is referred to these sections for
CCFs applicable for translating environmental control systems
costs.

It is important to mnote, however, that environmental control
requirements vary substantially among the countries studied.
Thus, although the CCFs identified above are applicable to cost
translation given the assumption that environmental controls
are installed, the actual plant environmental control configur-
ation may differ from country to country, as noted in the
section on envirommental controls.
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DATA
Location

Capacity:
Alumina {mtpy)
Bandte (mepy)
Recovery

Red Mud

Comtry Cost Factors

Unit Process Description Section Factor

DIRECT CONSTRUCTICN COSTS

REFINING

BAUXTTE SIURRY PREP/DIGEST 3.1.l
Handling/Storage/Reclaim
Grinding

Digestion

Caustic Hardling
CLARTFICATTION/FILTRATTION
Clarification/Washing
Filter Press

Red Mud Filter/Disposal
1ime Slaking/Storage
Acid Handling/Storage
Settling Aid

HEAT EXCHANGE/PRECTPITATE 3.1.3
and CLASSIFICATION

3.1.2

Heat Exchange
Precipitation/Classification
Evaporation

CALCINATION/ALIMINA STG 3.1.4
Calcination

Alunina Handling

OXALATE OONTROL 5.1
LIME PLANT 5.2
Subtotal .

GENERAL FACTLITIES

General Plant 30201
Power Supply System 3.2.2
Material Handling 3.2.3
Administration Buildings  3.2.4
Service Buildings 3.3.5

h

2 Alumina 49.0
% Alumina 96.0

[ Vi

APPENDIX A

CAPITAL COST SUMMARY

ALUMINA FACILITY

INITED STATES

1000000
2125850

1084184

Labor

$2,588,835
$3,143,586
$10,540,257
$2,219,002

4,677,092
$1,89,739
$1,691,714
$995,126
$199,025
$497,563

$1,281,925
$24,997,540
$5,768,563

$9,036,317
$4,655,072
$0

$0

§74,182,458

$28,180,033
$36,018,266
88,246,320
$3,901,480
$4,955,020

Materials

$2,427,033
$2,947,111
$9,881,491
$2,080,314

$4,142,567
$1,674,655
$1,498,375
$881,397
$176,279
$440,699

$1,001,504
$19,529,328
$4,506,768

$3,975,980
$2,048,232
$0
$0

Equipment

$809,011
$982,370
$3,293,830
$693,438

$1,336,312
$540,211
$483,347
$284,322
$56,864
$142,161

$440,662
$8,592,904
$1,982,578

$1,807,263
$931,014
0

%0

$57,211,735 $22,376,689

$17,025,436 $10,567,512

$13,506,850
$8,835,343
$2,357,144
$3,775,253
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$7,503,805
$3,239,626
$325,123
$589,883

Equipment

$2,265,231
§2,750,637
$9,222,725
$1,941,626

$3,207,149
$1,296,507
$1,160,033
682,372
$136,474
$341,186

$1,281,925
$24,997,540
$5,768,663

$21,325,708
$10,985,971
0
0

$87,363,749

$2,935,420
$93,047,188
$9,129,854
$1,544,336
82,477,510

Total

$8,090,110
$9,823,705
$32,938,304
$6,934,380

$13,33,121
$5,402,113
$4,833,469
$2,843,217
$568,643
$1,421,609

84,006,016
$78,117,313
$18,027,072

$36,145,268
$18,620,290
)
$0

§241,134,630

$58,708,401

$150,076,110

$29,451,142
$8,128,083
311,797,667



APPENDIX A (Cont.)

CAPITAL COST SUMMARY (Cont.)
ALUMINA FACILITY

Subtotal $81,301,119 $45,500,026 $22,225,950 $109,134,308 $258,161,403
Direct Construction Costs $155,483,576 $102,711,761 $44,602,639 $196,498,056  $499,296,033

Transport/Sales Taxes

Export Country (6%) 0.06 511,789,883
Ocean Freight (15%) v 50
Import Country (6%) 0 $0
Sales Taxes (%) 0.02 83,929,961
Import Duty 0 $0
Subtotal §15,719,845
Total Construction Costs $515,015,877
INDIRECT COSTS

Construction Management 3eka2 1 $10,367,577
Engineering,Supervision 3402 1 $37,557,573
Subtotal $47,925,150
TOTAL FACILITY COST $562,941,027
OTHER COSTS

Spare Parts (2.5%) 3o4:3.1  0.025 $12,482,401
Mobile Equipment 34362 1 $5,000,000
Of fice Equipment 3:4.3.3 1 $2,000,000
Start Up Expenses (3.5%) 3c4.3.4 0035 $17,475,361
Owner Staff (3.5%) 3e4e3.5 0.035 $17,475,361
Miscellaneous (8%) 3.4.3.6 0.08 $39,943,683
Technical (3.5%) 0.035 $17,475,361
Subtotal $111,852,167
TOTAL PROJECT COST $674,793,194
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APPENDIX B

OPERATING COST SUMMARY
ALUMINA REFINERY FACILITY

DATA

location UNITED STATES
Capacity:

Alumina (mtpy) 1000000
Baptite (mcpy) Z Alunina 30.30 3451251
Recovery % Alumina 96.00

Digestion (High/Low Temp)  Low

Counﬁry Cost Factors 1
Unit Process Description Section Factor Labor
REF INING

BAUXITE SLURRY PREP/DIGEST 4.1.1

High Temperature 4.1.1 0 $0
Low Temperature b4olalcl 1 $4,534,793
CLARTFICATION/FILTRATION  4.1.2 1 $2,550,543
HEAT EXCHANGE/PRECIPITATE 4.1.3 1 83,103,650
and CLASSIFICATION '
CALCINATION/ALIMINA SIG. 4.1.4 1 $4,145,527
OXALATE CONIRCL 0 $O
LIME PLANT 0 $0
Subtotal $14,334,513
GENERAL/ADMINISTRATIVE

GENERAL. PLANT 4o201 1 82,265,874
POWER SUPPLY SYSTFM 4,2.2 0 S0
MATERTAL HANDLING 402.3 1 81,172,316
AMINISTRATIVE SERVICES 4.2.4 1 $2,917,140
Supervision 1 84,500,556
Subtotal - $10,855,886
ENVIRONMENTAL 4.3 1 §517,258
TOTAL OPERATING QOSTS

$25,707,656
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Supplies

Ly
$25,865,158
86,614,758
$4,203,081

$5,194,128
0
0

$41,877,12

§776,370
$0

51,088,685
$12,295,760
0
$14,160,814
$233,079

$56,271,018

Eneryy

0
$24,721,706
$875,105
$6,898,012

$13,507,240
0
0

$46,002,064

$270,680
$0

867,072
$505,6%
0
$843,446
$290,127

$47,135,637

Total

0
§55,121,657
$10,040,406
$14,204,743

$22,846,895
$0

Sy
$102,213,701
$3,312,924
$0
$2,328,073
$15,718,5%
$4,500,556
$25,860,147
$1,040,464

$129,114,311
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APPENDIX C

COST UPDATING

The estimating procedures presented in this handbook, using individual cost
component breakdowns, provide a methodology by which the base costs derived
from the system can be adjusted to be applicable in different locations
and/or be updated through time.

Two methods may be used to update the labor cost curves. Method one, the
more accurate of the two, is to use the prevailing labor rates for the area
under consideration, in the year of desired escalation, and apply the appro-
priate payroll burdens and premiums. By dividing the new rate by the one
given in the narratives, a labor adjustment multiplier is obtained, which is
applied to the labor cost calculated from the formulae or from the curves.
The second method is to use a labor rate for the area under consideration,
in the base year and update by the Construction Wage Rate Index or the Min-
ing Wage Index. By dividing the index corresponding to the year of desired
escalation by the one in January, 1984, a ratio is derived, which is applied
to the calculated labor cost. This factor can be used for all classes of
labor throughout the estimate.

Most of the supplies and equipment operation costs are composed of more than
one component. In these cases, it is necessary to calculate the component
cost for each index classification. By dividing the index corresponding to
the year of desired escalation by the one for January 1984, for each compo-
nent, a ratio is obtained which is multiplied by the calculated cost compo-
nent. Combining these escalated components produces a final updated cost.

Electrical, natural gas, propane, and water costs do not have corresponding
index classifications for updating. The method used to update these cate-
gories by location is to use the prevailing rates for the area under consid-
eration, either in the base year or the year of desired escalation, and to
divide the new rate by the one given in the narratives resulting in the ad-
justment factor. This factor is next multiplied by the identified corres-
ponding cost from the narrative and curve to obtain the site specific cost.

Cost Indexes

Cost indexes described in this section are a result of work accomplished by
others for the U.S. Bureau of Mines.

The Construction Wage Rate Index includes all labor (see mining wage index,
above, for inclusions) employed in the construction of mines and mineral
processing facilities,

The Construction Materials Index is applicable to materials such as sand,
gravel, cement, limestone, reinforcing rods, steel fasteners, etc. for use
in construction of mine and mineral processing plants and related infra-
structure.
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COST UPDATING

The Equipment and Repair Parts Index relates to equipment and repair parts
relevant to mining and mineral processing operations and related infrastruc-
ture, e.g., frontend loaders, shovels, load haul dumps, trucks, jumbo
drills, as well as crushers, grinding mills, flotation cells, thickeners,
filters, etec.

The Mining Wage Rates Index includes both mine and plant labor. This index
includes skilled, unskilled, local and expatriate labor along with burden
and fringe benefits (employer‘s contribution to union funds for health and
welfare, vacations, holidays, sick leave and retirement, Social Security,
Federal and State Unemployment Insurance, and Workmen's Compensation).

The Industrial Materials Index includes mining and mineral processing chem-

icals used in daily operations, e.g., wetting agents, mining reagents, dust
depressants, flocculants, flotation reagents, etc.
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Construction Wage
Construction Materials
Equipment/Repair Parts
Mining Wage

Industrial Materials

APPENDIX C (Cont.)

COST UPDATING

1983 1984

1985

3025.0 3345,0 3587.0 3734.0

U.S. Cost Indexes, 1980 - 1985
1980 1981 1982
2767.0

287.7 310.3 330.1

288.9 320.8 343.9

2.19 10.06 10.82

274.2 304.1  312.3

1 )

~177-

352.9 358.8
351.9 357.9
11.27 11.57
315.7  322.1






